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Neural circuits are fundamental components that regulate critical autonomic functions throughout 
the human body. Disruption of neural circuits, through neurodegenerative diseases such as Parkinson’s 
disease or multiple sclerosis, as well as sensory neuropathies, and traumatic injuries can be incredibly 
debilitating. Neurological deficits have been identified as the leading cause contributing to disability 
adjusted life years in the United States, meaning they lead to more years of healthy life lost to disease 
state, leading cardiovascular diseases and cancer. Neural circuits cannot repair themselves in the same way 
a superficial cut, or even injury to the liver can be repaired. The inability of neural circuits to recover 
from injury results from a combination of the loss of essential cues that disappear post-developmentally, 
and complications from inflammatory response and glial scarring. Engineered therapies for neural 
regeneration are a burgeoning area of interest, with many techniques being explored to improve existing 
scaffolds for neural repair (e.g. nerve guide conduits), and develop new methods to manipulate and 
enhance neurite growth. 
This dissertation reports the use of self-rolled-up silicon nitride (SiNx) membranes to culture neurons 
for future applications for neuroregenerative repair. Through initial characterization of neurite growth on 
the microtube platform, we demonstrate enhanced alignment of neurites along the microtube 
topography. Following modification of microtube geometry, we found that adjustment to microtube 
array pitch improves neurite alignment compared to a static pitch, and increased microtube length also 
confers greater instances of neurite alignment. Initial experiments adding electrical stimulation to the 
platform reveal increased neurite growth rate and length, and increased neurite organization along the 
direction of the electric field. The work presented in this dissertation lays the foundation for further 
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CHAPTER 1: INTRODUCTION AND LITERATURE 
REVIEW * 
1.1  Motivation 
Neural circuits are fundamental for life. They underlie control of the most basic life-sustaining 
functions, such as regulation of respiration and systole and diastole of the heart. Neurons are 
organized precisely, yet complexly, in the brain to form centers for controlling speech and vision, for 
experiencing emotions such as fear, and for processing information from all five senses in the form of 
memories to be recalled later in response to a familiar sensory stimulus, such as sound or smell. The 
series of neurons that synapse between the primary somatosensory cortex through the dorsal column 
medial lemiscus or spinothalamic tracts to the periphery carry signals about proprioception, pain, 
and temperature from the extremities back to the brain for processing. An intact circuit from the 
primary motor cortex through the corticospinal tract to the hand creates a neuromuscular junction 
that critically allows a person to withdraw her limb from a stream of scalding water. 
The prevalence of over 600 neurologic disorders, including sensory neuropathies and Parkinson’s 
disease, as well as traumatic brain or spinal cord injury, affects about 50 million people annually, in 
the United States alone.1 Many of these disorders are a result of disruption of the neural circuits that 
comes in many forms, from loss of integrity of the circuit on a gross scale in the form of a spinal cord 
injury, to specific pathologies like Parkinson’s disease and sensory neuropathies (SNs). Because of the 
extent to which neuronal tracts impact diverse systems in the body, each neurological disorder 
                                                
* Parts of this chapter have been adapted from the following publication: Olivia V. Cangellaris, and Martha U. Gillette. 





imposes detrimental effects on at least one other physiological system, which multiplies the negative 
impact on quality of life. Since many neurological disorders and injuries do not result in immediate 
death, but rather cause debilitation, the World Health Organization (WHO) along with the World 
Bank and Harvard’s School of Public Health determined a separate metric to measure the global 
burden of neurological disorders, termed disability-adjusted life years (DALYs) that determine how 
many years of healthy life are lost due to a disease state or injury.2 The impact of neurological 
diseases on life expectancy is therefore amended to reflect expectancy of life unaffected by disability. 
Measured in DALYs, the global burden of neurological disorders surpasses that of all other diseases 
including heart disease and cancer.2 While many neurological disorders contribute to only a small 
percentage of mortality, taken collectively, as of 2005 almost 12% of global deaths were attributed to 
neurological disorders. Between 2006 and 2016, the number of total DALYs associated with 
neurological disorders increased by 18.7%.3 The mortality rate of neurological diseases, coupled with 
the overall global burden of DALYs, represent the negative impact of neurological disorders and how 
they collectively diminish the quality and duration of healthy life for millions of people all over the 
world. Therefore, methods of treatment, to either ameliorate or resolve neurological disorders, can at 
least restore some level of comfort and quality of life to those affected by these disorders. 
Previous research has documented the presence of endogenous electric fields generated as the 
result of neuronal damage. However, numerous studies have demonstrated how application of 
electric fields to neurons positively influences neurite growth. Researchers have capitalized on this 
relationship in the development of devices, such as nerve guides, to facilitate neuronal regrowth. 
Unfortunately, the development and implementation of a device that allows for simultaneous 





enable a multitude of applications, including rapid modification of the neuronal system to enhance 
regrowth. 
The work presented in this dissertation utilizes a platform that can physically support growing 
neurites and apply electrical cues to enhance neuritogenesis, while supporting recording of electrical 
activity to monitor the neurites. The application of this substrate and the knowledge gained from 
this system will enable further development of the platform to support regenerating neurites, address 
restoration of neurite functionality and, thereby, improve quality of life for patients suffering from 
neurodegenerative disorders or traumatic nerve injuries. 
1.2  Dissertation Organization 
This dissertation is organized into five chapters. Chapter 1 explains the motivation for this work, 
includes a brief discussion about the neuron, its structure and electrical signaling mechanisms, and a 
brief review of the literature most relevant to this work, specifically the impact of topography on 
neuronal development, growth, and neuritogenesis, and the role electrical cues play in these areas. 
Chapter 2 introduces the microtube substrate on which the research presented in this dissertation was 
conducted, and describes initial experiments used to characterize the substrate and its interaction 
with rat hippocampal neurons. Chapter 3 details two different configurations of the substrate and 
how neuronal growth was impacted by these changes. Chapter 4 introduces electrical signals to the 
substrate and presents initial data pertaining to cell growth with this added stimulus. Chapter 5 
explores the future directions of this work and considers how this project can be advanced toward 





1.3  Literature Review 
1.3.1 The Neuron: Structure and Mechanisms of Electrical Signaling 
A fundamental element of the nervous system is the neuron. There is a diverse population of 
neurons within the nervous system; each neuron-type is highly specialized and serves a unique 
function depending on location within the central nervous system (CNS) or peripheral nervous 
system (PNS).4 Despite their differences, each neuron shares a similar organization, and commonly 
consists of the following three features: a soma; a single axon; and a complexly-branched dendritic 
tree (Figure 1.1). 
 
Figure 1.1.  Fundamentally, a neuron consists of a cell body (soma), dendrites, and an axon. 
Within the brain, neurons communicate with each other through established networks to 
process and act on information from other organs in the body as well as the external environment. 
The connection that facilitates this communication between neurons is called a synapse and is 
formed between two neurites. There can be dendro-dendritic synapses, formed between two 
dendrites; axo-axonic synapses, formed between two axons; axo-dendritic synapses, formed between 
an axon and a dendrite; and axo-somatic dendrites, formed between an axon and a soma.5-7 Figure 





its axon, reaching the synapse. If the signal has sufficient amplitude, chemical signals will be released 
from Neuron 1 and diffuse across a 20 nm gap to Neuron 2. Receptors along the dendrite of 
Neuron 2 alter the electrical state of the membrane as the signal is received by the dendrite and then 
sent toward the soma. This change in membrane excitability, in combination with signals from other 
dendrites, can activate the axon of Neuron 2 and initiate changes in cellular processes within the 
soma. The organization and complexity of neural networks depends on synapse formation. 
 
Figure 1.2.  Neuron-Neuron signaling at  an axo-dendrit ic  synapse.  The signal is generated in the soma of 
Neuron A (1) and propagated along the axon of Neuron A to the synapse with Neuron B (2). The signal is transferred 
across the synapse and propagated along the dendrite of Neuron B to the soma where it is processed (3). 
The neuron-neuron signaling described above is dependent upon ion movement in and out of 
the cell, as well as neurotransmitters (NTs) that diffuse across the synapse. This movement of ions 





membrane. There are two main categories that ion channels are classified in: (1) ligand-gated, and 
(2) voltage-gated. When a specified chemical messenger (ligand) binds to a ligand-gated ion channel, 
the channel opens and allows passage of the ion into the cell. One such ligand-gated channel is the 
nicotinic-acetylcholine receptor, whose ligand is the NT acetylcholine.4 Voltage-gated channels, the 
second major class of ion channels, are likely more well known, especially the Na+ and K+ channels. 
They play a critical role in maintaining the resting membrane potential of the neuron and are 
essential for action potential generation. These channels are activated by changes in the cell 
membrane potential. 
The resting membrane potential (Vrest) of a neuron is determined with respect to its external 
environment and is about -70 mV. Three ions, Na+, K+, and Cl-, largely dictate the basal potential, 
with a specific relationship between the internal and external concentrations of each of these ions. At 
rest the internal concentration of Na+, [Na+]I, is low relative to the external concentration [Na+]o, 
[K+]i > [K+]o, and [Cl-]i < [Cl-]o. The Na+,K+-ATPase pump maintains Vrest by pumping 2 Na+ ions 
out for every 3 K+ ions that are shuttled into the cell. The motion depends on adenosine 
triphosphate (ATP) being converted to adenosine diphosphate (ADP) + Pi. This ion pump 
counteracts the concentration gradients that would otherwise push Na+ and Cl- ions into the cell, 
and K+ out of the cell, leading to cell death. 
In addition to these two factors, voltage gradients are also present, established by the potential 
differences between the internal and external cell environments. Compared to the outside, the inside 
of the cell is more negative, which encourages the flow of positive ions, in particular K+, into the cell. 
This voltage gradient counteracts the concentration gradient that would otherwise allow K+ to 





When an action potential is generated, the permeability of the ion channels changes allowing 
each ion to flow easily according to its concentration gradient. The initiating signal for an action 
potential is a signal that depolarizes the cell membrane above -55 mV. Following this signal, the Na+ 
channels open and Na+ ions flow into the cell, further depolarizing the membrane. As the membrane 
potential continues to depolarize, K+ channels activate and allow K+ ions to flow. The cell begins to 
repolarize once the Na+ channels are inactivated, but the K+ channels remain open, which causes the 
membrane to hyperpolarize and pushes the cell into a refractory period during which time a much 
stronger stimulus is required to initiate another action potential. Once the K+ channels close, the cell 
membrane is returned to its resting state.4 
1.3.2 Topographical Cues 
As neurons mature and develop connections with each other they depend on a variety of signals: 
topographical, electrical, and chemical. All three of these cues exist from the outset as the brain 
matures and play an essential role in driving neural network formation. This work centers on the 
former two types of cues; therefore, the focus of this section will be topographical cues. Electrical 
cues will be covered in the next section. 
1.3.2.1 Endogenous topography in the brain 
During embryonic development, as the brain structures are realized, the migration of various 
neurons to their appropriate locations differs depending on the type of cell and its terminal location. 
Chemical and structural signaling by way of the extracellular matrix and the adhesion-supporting 
proteins therein, as well as ligands on cell membranes, are the predominant signals that guide cells 





hippocampus, as well as the spinal cord, are guided by scaffolding provided by astrocytes, another 
nervous system cell population. 
The extracellular matrix (ECM) is tied to cellular formations and acts as both an anchor and 
pathway for cell attachment and migration. It is composed of a network of proteins, such as collagen, 
glycoproteins like laminin and fibronectin, and proteoglycans.8,9 During development, the 
glycoproteins of the ECM in the CNS and PNS drive migration and positioning of neurons to 
achieve the appropriate brain structures and formation.10 A discussion of topographical cues, 
especially those of the ECM, typically requires at least a brief consideration of chemical cues, since 
one mechanism through which the ECM guides neurons is the interaction of chemo-attractant and -
repellant molecules with the ECM. One class of chemoattractants are netrins, molecules that interact 
with ECM proteins and serve as a positive cue for axonal growth.8 In the PNS, the presence of 
netrins in the midline of the spinal cord encourages axonal growth across this midline to complete 
the formation of the spino-thalamic tract. In addition to axonal chemoattractants, axonal 
chemorepellents such as semaphorins bind to the ECM and deter axon extension.8 Conversely, some 
semaphorin variants (e.g., Semaphorin3A) act as chemoattractants for dendrites, and guide dendritic 
growth.5,11 The appropriate distribution or expression of dendritic attractants and axonal attractants 
along the ECM in opposite directions can facilitate neuronal polarization. 
In addition to the topography provided by the ECM, astrocytes within the developing brain, 
specifically radial glia, act as a highway for neuronal migration.12 The fibers of a radial glia cell range 
in thickness between 0.8-1.2 µm within the intermediate zone, as reported by Pasko Rakic, who has 
extensively studied the development of the cerebral cortex, especially the role of radial glia, using 





predestined neurons interface. The cell body is situated in the ventricular zone (VZ), where neuronal 
progenitors are found, and the fibers of the radial glia extend upwards, traversing the intermediate 
zone (IZ) up to the cortical plate, just below the pial surface (Figure 1.3). Budding neurons latch 
onto the radial glia fibers and use these as a tract to climb up to the appropriate region of the 
brain.4,8,12-17 This glia-facilitated migration is a hallmark of brain structures that are layered in nature, 
e.g. the cerebral cortex and hippocampus.8 
 
Figure 1.3.  Radial  g l ia  guide neuronal migration in the developing cortex.  (A) Immunostaining reveals 
neurons (toluidine blue stain, blue) climb along radial glia (GFAP-positive, brown) through the intermediate zone in the 
frontal lobe of a human fetus (18 weeks). (B) Counter immunostaining with vimentin (intermediate filament marker, 
brown) shows radial glia fibers, again supporting neurons (blue) migrating up the radial glia shafts. (C) Magnified area 
highlighted by black box in (B) verifies neurons are external to the radial glia cytoplasm (Panels A-C adapted from 
Rakic, 200318). (D) Radial glia cell bodies sit in the ventricular zone (VZ) and their fibers extend through the 
subventricular zone (SVZ) and cortical plate (CP) to the pial surface. Schematic illustrates migration of neurons 
(pink/red) along radial glia fibers (green) from the VZ through the SVZ to the developing CP (Adapted from Barry et 
al., 201419).† 
                                                
† Panels A-C reprinted from GLIA, Vol 43(1), Rakic, P. Elusive radial glia cells: Historical and evolutionary perspective 
14m Copyright (2013), with permission from John Wiley and Sons; Panel D reprinted from The International Journal of 
Biochemistry & Cell Biology, Vol 46, Barry, D.S., Pakan, J.M.P., McDermott, K.W., Radial glial cells: Key organisers in 





1.3.2.2 Adapting topographical cues in vitro to direct neuron growth 
While topography has been critical in cell proliferation, migration, differentiation, and 
orientation for every developing organism from the outset, methods to use topography in vitro to 
direct cells and for studies with neurons is a much more recent advance — one that hinged on new 
microfabrication techniques in engineering (e.g., photolithography and electron-beam lithography) 
that allowed for the creation of features on the nanometer to micron scale.20 Techniques in 
photolithography paved the way for developing substrates with arrayed grooves or ridges, or a variety 
of features on a single chip. Coupling soft-lithography with silicon masters fabricated through 
photolithography introduced the creation of microfluidic devices (µFDs) for compartmentalized 
studies, in which neurites have been observed to grow along the walls of the polydimethylsiloxane 
(PDMS) channels.21 Other soft materials like hydrogels can be invested with topography to promote 
alignment or directionality, as well as support differentiation of stem cells into a neural cell-type. 
Electrospinning, a technique that allows for accumulation of nanofibers in specific orientations, has 
been used to fabricate scaffolds for neuron culture. The process is highly customizable and the fibers 
can be spun in nm or µm scales.22 
Hydrogels, networks of polymers that have been swollen with water, are attractive materials for 
cellular applications due to their biocompatibility, ease of fabrication, and capacity for 
customization.23 One advantage of hydrogels is that their porosity is not detrimental to their 
structure and can allow for migration of cells within the hydrogel scaffold. Furthermore, hydrogels 
can be enhanced with internal topography that promotes alignment or directionality of hippocampal 
and DRG neurons, and differentiation of stem cells into a neuronal cell-type.24 When human bone 





(Figure 1.4A) and stochastically formed micropores (Figure 1.4B), hBMSCs differentiated into 
neuronal cells and elongated to grow within the microchannels (Figure 1.4C). Differentiation was 
attributed to the topography facilitating binding between cellular integrins and ligands, which is 
important for stem cell differentiation to neurons. The stochastic micropore gels could not support 
this binding, leading to mostly undifferentiated hBMSCs.25 Introducing aligned fibrillar fibrin fibers 
to a hydrogel (AFG) led to enhanced support of neurite extension from dorsal root ganglia neurons 
up to 1.96 mm over three days, independent of added chemical cues—another instance of neurite 
alignment heightened by topography. These scaffolds were later implanted in a rat spinal column 
that had an induced T9 hemisection injury, and the AFG facilitated axonal extension to bridge the 
gap, and enhanced the rate of migration of neuronal cells within the region.26 
 
Figure 1.4.  Hydrogels  with al igned microchannels  a l ign differentiated neurons.  (A) Scanning electron 
micrograph (SEM) of fractured hydrogels reveals the internal structure of the hydrogel with microchannels, or (B) 
micropores (images A-B) adapted from Lee et al., 201525). (C) Human bone marrow stromal cells (hBMSCs) cultured 
on hydrogel with aligned microchannels differentiate into a neuronal phenotype. Fluorescence imaging reveals MAP2 
(neuronal marker, green), GFAP (glial marker, red), and DAPI (nuclear marker, blue) immunoreactivity, demonstrating 
differentiation of hBMSCs into cells expressing neuronal or glial markers, and elongating in the microchanneled 
hydrogel (image contributed by H.J. Kong, University of Illinois at Urbana-Champaign). 
Scaffolds constructed of polymer nanofibers are another material used in neuron cultures in vitro 
to support and direct neurite extension. Polylactic acid (PLLA) fibers of large diameter (>1000 nm) 





cultures. Functionalizing PLLA fibers with fibronectin or laminin further improves neurite 
interaction by replicating these endogenous chemical cues.27,28 Additionally, neural stem cells (NSCs) 
adhered to and differentiated on random orientations of PLLA fibers (150-350 nm). When cultured 
on a 3D scaffold with aligned nanofibers of varying thicknesses, the NSCs differentiated more 
quickly compared to those on the randomly oriented fibers.29 Other electrospun nanofiber scaffolds 
improve DRG neurite extension, promote differentiation of mouse embryonic stem cells (ESCs) into 
neural progenitors, and enhance outgrowth of neurites on the scaffolds with aligned fibers. Neural 
crest stem cells differentiated from induced pluripotent stem cells (iPSCs) cultured within nanofiber-
modified conduits enhanced sciatic nerve regeneration.30-32 Nanofibers can be spun from a variety of 
biocompatible materials, including natural proteins such as collagen. However, there are several 
limitations to these scaffolds. It is difficult to create an environment mimicking the endogenous 
ECM, because its components are smaller than what is currently achievable when fabricating 
nanofibers (~100 nm thick). Additionally, nanofiber scaffolds cannot support embedded cells 
without compromising the structural integrity of the scaffold.33  
1.3.2.3 Adapting topographical cues in vivo to direct neuron growth 
Integration of microchannels has also improved neurite regrowth in animal models through the 
modification of nerve-guide-conduits (NGCs). NGCs are 3D constructs for whole nerve therapies 
and are the biofabricated model currently used as implants for neural repair in humans. 
Commercially available NGCs are primarily single-lumen tubes, with no added topographical 
features, through which the two ends of a severed nerve are inserted and left to grow together.34 





which they are effective. Further functionalization to improve rate of regrowth, limit scarring, and 
improve permeability for nutrient transfer has yet to be integrated into these devices. 
In order to address these deficits, techniques that have proven successful during in vitro 
neuroregenerative studies are currently being applied and evaluated in NGCs in animal models. An 
experimental NGC composed of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-HV) 
enhanced with a polypyrrole (PPy) co-polymer coating along the inner diameter of the NGC, has 
been implanted in Sprague-Dawley rats with severed sciatic nerves. Following eight weeks of 
implantation with the NGC, the conduits were harvested, sectioned and visualized with hematoxylin 
and eosin staining, and nerve tissue was found throughout the conduit, with no evidence of 
inflammation. Nervous tissue was also confirmed within the conduit using antibodies against 
neurofilament and a nuclear stain, demonstrating how this NGC supports and promotes 
regeneration of damaged nerves.35 A more recent study in rats demonstrated nerve regeneration in 
vivo utilizing NGCs made of zein, a corn-derived polymer. NGCs were fabricated in three 
configurations: non-porous NGCs, porous NGCs, and porous NGCs that contain smaller zein 
microtubes. A 10-mm section of the sciatic nerve was removed and replaced with the NGCs, and 
recovery was tracked over a four-month period. The rats showed improved gait two-months after 
implantation. The porous zein conduit showed significantly increased density of myelinated nerve 
fibers, and increased myelin sheath thickness at two- and four-months post-implantation.36 The 
porous nature of these zein NGCs enabled nutrient diffusion and facilitated eventual degradation of 
the scaffold over the course of four months (Figure 1.5), when nerve regeneration in the conduit 





these results highlight how topography can positively promote neurite outgrowth and enhance 
regeneration. 
 
Figure 1.5.  Zein nerve guide conduits  enhance rat  sciat ic  nerve regeneration. (A) Scanning electron 
micrograph (SEM) cross section of zein nerve guide conduit (NGC) reveals porous structure. (B) Porous NGCs at 2-
weeks post implantation (C) visualized with X-ray, are noticeably degraded after 4-months post-implantation (D) 
Hematoxylin and eosin staining of sciatic nerve 4-months post-implantation of the porous NGC reveals substantial 
regeneration and revascularization (black arrows). (E) Magnified view of inset from panel D. (Adapted from Wang et 
al., 201736).‡ 
                                                
‡ Reprinted from Biomaterials, Vol 131, Wang, G-W., Yang, H., Qu, W-F., Zhang, P., Wang, J-Y., Design and 
optimization of a biodegradable porous zein conduit using microtubes as a guide for rat sciatic nerve defect repair, 145-





1.3.3 Electrical Cues 
Fundamentally, neurons are electrically excitable cells. In addition to the mechanisms of 
electrical signaling driven by ions inside and outside the cell that dictate signal transduction, 
endogenous electrical cues dominate in the form of voltage gradients in vivo. Application of these 
cues in vitro, has revealed new insights into how electrical signals can be utilized to manipulate 
neuronal development and growth. 
1.3.3.1 Endogenous electrical s ignals  and activity in the brain and central nervous 
system 
There is an abundance of electrical signaling that occurs within the brain. In vivo, the 
development of the nervous system is strongly driven by the magnitude, frequency, and location of 
electric fields (EFs). In early development, formation of the neural tube, from which the central 
nervous system develops, is driven by potential gradients. Studies of Xenopus and chick embryos have 
revealed steady currents flowing through different parts of the embryo during different 
developmental stages. Voltage gradients are established due to these currents, and the magnitude and 
location of these gradients changes as the embryo develops.37-41 This endogenous activity also plays 
an essential role in tissue response to injury, limb regeneration, and cellular proliferation, 
differentiation, and apoptosis,42-49 and has been exploited in vivo to facilitate repair.  Over twenty-
five years ago, Borgens et al. applied direct current (DC) EFs as therapy to restore spinal reflexes 
caused by dorsal column lesions in guinea pigs and dogs.50-52 More recently, studies in mice with 
corneal and epithelial injuries revealed that endogenous EFs were established and shown to direct 





application of a DC EF with an opposite polarity to the injury potential enhances rate of axonal 
regeneration following spinal cord transection.53,54 
1.3.3.2 Adapting electrical cues in vitro to direct neuron growth 
The brain and nervous system rely on electrical signals for development, communication, and 
recovery. In early development, electric potentials define migration paths of the cells and 
differentiation, driving the formation of the neural tube.38,55-57 Signaling transmission of neurons is 
mediated by ion fluxes across the cell membrane; and in the case of injury, ion flux establishes an 
electric potential gradient that promotes repair.45,58 Numerous in vitro studies support the positive 
effect of electrical stimulation on neurite extension, growth-rate, and neuron polarization and 
migration.48,55,59-64 Consequently, electrical cues can be utilized to positively regulate, facilitate, and 
enhance neuroregenerative therapies. 
In the 1920s, Sven Ingvar experimented with applied DC fields and their effect on neurons in 
culture. He showed that DC fields promote neurite outgrowth and impact their directionality. 
Subsequent studies involving neurons from frogs have demonstrated how neurons cultured in a static 
DC field will extend neurites in the direction of the field, while neurites pointing toward the anode 
will be reabsorbed or turn towards the cathode.60,65 Furthermore, the rate of growth is increased in 
the direction of the electric field when neurites are exposed to a steady DC field.66 Additional studies 
involving rat hippocampal neurons tracked migration behavior of the cells exposed to standing EFs 
of 120 mV/mm, a magnitude in the physiological range of endogenous EFs. Following an hour of 
stimulation, the neurons subjected to the EF migrated toward the cathode along the direction of the 





1.3.4 Applying Topographical and Electrical Cues for Engineered Circuits  and 
Therapies 
Constructing intentional neural circuits can be more easily achieved through integration of an 
electric signal to a scaffold supporting neurite growth. This can be achieved by applying an external 
electric field to a nanofiber scaffold. In one study an external electric field was introduced to parallel 
or perpendicularly oriented planer PLLA fiber scaffolds using an agar salt-bridge and platinum 
reference electrode set-up. When rat DRG cultured on each of these scaffolds were stimulated with 
an applied direct current EF for 8 h, neurite outgrowths on the electrically stimulated scaffolds were 
significantly longer compared to controls. Neurite outgrowth increased by 74% on the PLLA fibers 
(topography alone), 32% on the PLLA planar films (electrical stimulation alone), and by 126% on 
the PLLA fibers aligned to the direction of the DC EF.27 Therefore, the combination of 
topographical and electrical cues greatly improves length of neurite extension. 
Electrical stimulation can be further integrated into the scaffold by choosing a conductive base 
material. PPy is biocompatible, biodegradable, and electrically conductive, so NGCs augmented 
with PPy can support electrical stimulation.67 When DRG on PPy-modified flat scaffolds were 
stimulated with an electric field, neurite extension was enhanced by 13% in a DC EF, and 21% in 
an alternating current (AC) EF. PPy-modified NGCs without electrical stimulation were shown to 
support regrowth of severed sciatic nerves in rats in vivo.35 With the addition to an electrical stimulus 
in vivo, this outcome can be further improved. To translate this technology to in vivo models, 
electrical stimulation needs to be introduced to a PPy-modified NGC. Electric stimulation is a 
native signal that strongly impacts neurons and can be further manipulated to direct neuritogenesis 





While topographical and electrical cues can be used independently to drive neurite growth, in 
combination, these two signals can be used to further enhance control over neurons to manipulate 
network formation and these techniques can be applied to improve therapeutic outcomes in 
problems of neuroregeneration. For instance, in the case of an acute spinal cord injury, an ideal 
substrate would facilitate the initial regrowth, and protect against glial scarring while nurturing the 
damaged axons during the healing process via embedded trophic factors. The scaffold can be 
enriched with microchannels, and in order to enhance regrowth and influence directionality, 
electronics that support electrical stimuli can be embedded in the scaffold. These electronics can also 
support recording capabilities to assess neuronal activity. 
The following chapters describe the application and refinement of a seminconductor-based 
microtube substrate for neuron culture and neurite alignment. The microtubes on this substrate are 
composed of a thin nanomembrane of oppositely strained layers of silicon nitride that can self-roll, 
and they significantly enhance neurite alignment (Figure 1.6A). These self-rolled-up membranes 
(S-RuMs) have a unique combination of features that make them attractive for manipulating 
topography. S-RuMs are optically transparent under most conventional microscopy techniques, 
including phase-contrast and fluorescence imaging, which makes them ideal for use with cultured 
cells. Since they are manufactured using a scalable semiconductor process,68,69 they are highly 
customizable and versatile, which facilitates many different designs.70 They also are biocompatible, 
an essential characteristic for cell and tissue interfaces.71 The S-RuMs can be tuned to a range of 
diameters and lengths, can be rolled into a single or binocular tube, and can be incorporated with 
pores to allow for nutrient and gas exchange across the tube membrane. By restricting the diameter 





fabrication process to widen the diameter, a bundle of neurites can traverse a single tube. 
Additionally, a thin deposition of metal can be added during the fabrication process to create an 
electrode that is rolled within the S-RuM (Figure 1.6B). This characteristic will enable selective 
and targeted stimulation and recording of a neurite contained on a single substrate, and continuous 
tracking of neurite dynamics under electrical stimulation. Scanning electron microscopy (SEM) of 
rat hippocampal neurons in culture reveals the S-RuMs provide adequate space for neurites to 
extend, turn, and extend through the lumen (Figure 1.6C). 
 
Figure 1.6.  Self-rol led-up membranes al ign hippocampal neurons.  (A) Scanning electron micrograph 
(SEM) of array of self-rolled-up membranes (S-RuMs) composed of thin-film silicon nitride bilayers. (B) A multi-
electrode array chip (left) with S-RuMs patterned in a pentagon formation (orange box, right). Black inset shows 
schematic of single S-RuM with gold electrodes rolled inside. (C) SEM of rat hippocampal neurons cultured on S-RuM 
substrate (3 days in vitro). Inset: Fluorescence imaging reveals MAP2 (neuronal marker, white) immunoreactivity, 
confirming neuronal cell type. Orange arrows correspond to entry of neurites into S-RuMs. (Adapted from Cangellaris, 
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CHAPTER 2: BIOCOMPATIBLE SELF-ROLLED-UP 
SILICON NITRIDE MICROTUBE ARRAYS ALIGN 
HIPPOCAMPAL NEURONAL CIRCUITS § 
2.1 Introduction 
Techniques in neuroregenerative therapies, targeted to resolve neuropathologies including 
sensory neuropathies or trauma-induced neurodegeneration, have gained traction through 
exploration of intrinsic factors that influence neuronal growth for building directed neural 
networks.1,2 Typically, chemical,3–5 topographical,6–10 and electrical cues11–13 have been used to 
manipulate and interrogate single cells to build synthetic neural circuitry by influencing the direction 
of axonal and dendritic growth. Chemical cues can selectively guide axons or dendrites and polarize 
the orientation of neurons3 through patterning of surface proteins, such as laminin or Semaphorin 
3A. Engineered topographical structures such as nanofibers or micro-channels are often used in 
conjunction with chemical cues to direct neurite extension due to the affinity neurons display for 
edges, ridges, and corners.5–8,14–16 
Electric fields have also been used to influence the migration of neurons, and enhance neurite 
extension and branch complexity.12,13 Integration of electrical signals to neuron culture was advanced 
through the development of multi-electrode array (MEA) technologies, which enable both neural 
                                                
§ This chapter has been adapted from the following publication: Olivia V. Cangellaris, Elise A. Corbin, Paul 
Froeter, Julian A. Michaels, Xiuling Li, and Martha U. Gillette. (2018) “Biocompatible Self-Rolled-Up Silicon 








stimulation and recording of the neurons’ electrical signatures within complex neural circuits.17,18 
Combining MEA technology with conventional approaches to neuron guidance, specifically 
topographical cues, may improve our ability to create targeted neural circuits. In this study, the 
topographical cues provided by self-rolling microtubes are quantified to establish a baseline 
relationship prior to augmenting this technology with electric signals. 
Many types of topographical cues have been utilized in the study of neurons. Positive 
interactions (e.g., guidance) have been observed between neurons, neurites, and topographies that 
include microchannels, trenches, ridges, pillars, and tubular structures.10,19–23 The choice of 
topographical signature depends greatly on the focus of the study. In this work, we utilize self-rolling 
microtubes (µ-Tubes), which provide topographical cues with unique properties to direct the 
response of individual neurons. Self-rolling µ-Tubes are an attractive substrate due to the top-down 
fabrication method, which enables (1) specified control over µ-Tube position, (2) customizability of 
the features (e.g., diameter and structure), and (3) scalability such that many µ-Tubes can be 
fabricated at once.24 The diameter of the µ-Tubes can be designed to allow entry of only a single 
neurite.25,26 They offer the possibility of integrating metal into the platform enabling electrical 
stimulation and recording. These features make this system advantageous over traditional MEAs for 
studying single-cell dynamics. Previous work from our collaborators has shown the ability of µ-
Tubes to enhance the rate of axonal elongation compared to rate of growth on planar regions, and 
qualitatively demonstrated alignment of axonal bundles of cortical neurons along the µ-Tubes.26 
However, prior to coupling of electric cues to the µ-Tubes, a more quantitative analysis of the 





To effectively control neuronal alignment using the topographical cues of the µ-Tube substrate, 
an effective substructure and related parameters must be determined and characterized. Here, 
neonatal rat hippocampal neurons were utilized because of their emerging complex dendritic 
architecture and the relatively limited understanding of dendritic development. Two methods to 
characterize alignment of neuronal processes were applied. The first uses the angle of each neurite 
(both soma-originating neurites and branches) to provide a global analysis, which describes how the 
whole population of neurons responds to the microtube array. The second uses a defined alignment 
parameter based on the total length and curvature of individual neurites. This generates a measure of 
local alignment, that is, how the alignment of each individual neurite is affected by the µ-Tube array. 
These results demonstrate and quantify, for the first time, the enhanced alignment properties of the 
µ-Tubes compared to control substrates. 
2.2 Materials and Methods 
2.2.1 Microtube Fabrication 
The fabrication of the microtube (µ-Tube) array has been reported previously, with details 
specific to this investigation summarized here.24,25,27 The µ-Tube array was formed on a #1.5 glass 
coverslip (0.16 – 0.19 mm thick, 22 mm x 30 mm). To start, a sacrificial layer of germanium or 
magnesium was deposited on the substrate using e-beam evaporation to a thickness of 20-80 nm. 
Next, two layers of silicon nitride (SiNx) were deposited using plasma-enhanced chemical vapor 
deposition (PECVD): the first layer with low frequency PECVD (under compressive strain) and the 
second with high frequency PECVD (tensile strain) to enable strain-driven rolled-up behavior. Each 
layer was deposited to a final thickness of 15-20 nm, which yielded a diameter range of 4-5 µm. The 





silicon nitride bilayer was etched using Freon (CF4) reactive ion etching, followed by the removal of 
the photoresist. The sacrificial layer is etched with 30% H2O2 at 80 °C, which released the strained 
membrane from the substrate, inducing spontaneous rolling from all unanchored sides.25 The lateral 
etch leaves negligible amount of the sacrificial layer such that material used for the sacrificial layer 
does not impact neuronal growth. High resolution scanning electron micrograph (SEM) (Figure 
2.1A) reveals an array of µ-Tubes with silicon oxide anchor on silicon. 
2.2.2 Cell  Culture and Preparation 
Following previously established protocols, we isolated hippocampal neurons from postnatal day 
one or two (P1/2) Long-Evans BluGill rats, a genetically homogeneous inbred line developed by the 
Gillette lab.3,28 Animals were used in accordance with protocols established by the University of 
Illinois Institutional Animal Care and Use Committee and in accordance with all state and federal 
regulations. Cells were maintained in Hibernate-A (Brain-Bits; Springfield, IL) or Neurobasal-A 
(Invitrogen; Carlsbad, CA) media supplemented with 0.25% GlutaMAXTM (Invitrogen), 2% B-27 
(Invitrogen), and 1% 100 U-mL-1 penicillin and 0.1 mg-mL-1 streptomycin (Sigma-Aldrich) under 
standard culture conditions at 37 °C during growth measurements. Neurobasal and Hibernate are 
specifically developed to enhance neuronal growth in low-density cultures, as well as minimize the 
presence of mitotic cells.28,29 
Following isolation of the hippocampi, tissue was digested with papain (18.75 U-mL-1) 2x15 
min, and the dissociated neurons were seeded at a density of 250 cells-mm-2 on either the µ-Tube 
substrate or one of two controls: a standard #2 glass coverslip (22 mm x 22 mm) or a standard #1.5 
glass coverslip with a 40-nm-thick planar bilayer of low and high-frequency PECVD SiNx 





seeding, all three substrates were coated with 0.1 mg-mL-1 poly-D-lysine (PDL, Invitrogen). The 
cells were allowed to grow for 4, 7, 10, and 14 days in vitro (DIV) in a humidified incubator at 37 
°C with 5% CO2, with media changed at 4 and 7 DIV. 
2.2.3 Fixation and Immunocytochemistry 
At the time of interest, the cells were fixed (4% Electron Microscopy grade (EM-grade) 
paraformaldehyde, 20 min on a shaker) and cellular identities were determined using 
immunocytochemistry (ICC). The cells were washed with phosphate buffered saline (PBS, pH 7.4) 
for at least 5 min. Next, the cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, 
diluted in PBS) for 10 min. Samples were blocked from nonspecific antibody binding with 5% 
normal goat serum (NGS, Sigma-Aldrich) in PBS for 30 min. Then, samples were incubated with 
rabbit polyclonal primary antibody for the neuronal marker microtubule associated protein-2 
(MAP2, 1:1,000, Chemicon), which primarily labels dendrites, and mouse mono-clonal anti-GFAP 
(1:1,000, Chemicon), to identify the glia (overnight, 4 °C). Secondary antibody incubation (goat 
anti-rabbit, Alexa Fluor 594 and goat anti-mouse, Alexa Fluor 488) was performed (overnight, 4 
°C). Finally, the cells were stained with DAPI (1:50,000, Invitrogen), a nuclear marker (10 min, 
room temperature). The cells were washed for 10 min with PBS, and stored in fresh PBS until 
imaging, usually within 24 h. ICC imaging was performed on a Zeiss Axiovert 100 TV fluorescence 
microscope with a 10x objective. Between 3-6 images were taken for each sample, 3 substrates were 






Figure 2.1.  Measurement and analysis  overview. (A) Scanning Electron Micrograph (SEM) image of µ-Tubes 
(5 µm diameter, 50 µm length, 40 µm pitch). Inset shows magnification of single µ-Tube. (B) Fluorescent image of 
hippocampal neurons cultured on µ-Tubes and stained after 4 days in vitro (DIV) (MAP2, red, GFAP, green, and nuclei, 
blue). (C) Overlay of fluorescent image and brightfield image of neurons on µ-Tube substrate. The fluorescent image of 
neurons was superimposed on the brightfield image in Adobe® Photoshop® and saturation was adjusted to enhance 
contrast of neurons to improve visibility. (D) Overlay of fluorescent image and brightfield image of a single neurite 
aligning to a µ-Tube on the substrate, same image processing as described in (C). (E) Schematic of global orientation 
and alignment of a neurite to a µ-Tube. (F) Schematic of localized orientation and alignment of a neurite to a µ-Tube. 
Local alignment considers both the neurite length and the angle through a projection on the orientation of the µ-Tube. 





2.2.4 Alignment Characterization 
In order to characterize the alignment of the neurites, we quantified both the relative angle of 
each neurite and its alignment with the orientation of the µ-Tube array, as well as its total length. 
Figure 2.1E-F shows a general description of the approach, where neuronal processes were traced on 
a fluorescent MAP2 image with NeuronJ to establish the piecewise vector of each neurite. The 
alignment angle was determined by taking the initial and termination points of the neurite and 
creating a single vector, then the relative angle was determined through comparison with the 
orientation vector of the µ-Tube array. This simplification was used to approximate the direction of 
the neurite (Figure 2.1E). Determination of alignment through the use of only the neurite angle 
and its relation to the angle of the µ-Tube array is considered “global alignment.” For the control 
substrates (glass and SiNx), where no µ-Tubes were present, we chose an arbitrary angle to compare 
against, an angle of 0˚ relative to the image frame. Since we do not anticipate the control substrates 
to result in global alignment, any chosen angle will produce the same results. 
To explore the deeper meaning of alignment, we considered more local effects by taking the 
projection of the neurite along the direction of the µ-Tube. Then, coupling the projected length (S) 
to the total length (L) reconstructed from the piecewise-summation of the vertex points returned by 
NeuronJ tracings, we defined an alignment parameter as the squared value of the projected length 
divided by the total length (Figure 2.1F). In this way, the alignment parameter takes into account 






2.2.5 Quantifying Global Alignment 
Global alignment was quantified in two ways. First, rose plots were constructed for each 
substrate at each time point by pooling the angle data for each neurite (Figure 2.2). The symmetry 
of the device allows us to consider all neurites within a 0-90° range. The tracings acquired through 
NeuronJ from each fluorescent image set were used in an FFT analysis to explore neurite alignment. 
Prior to analysis, tracings from separate images were combined to improve the diminished signal 
strength inherent in a low-density culture. Images were combined in groups based on the smallest n, 
which in this case was 3. They were combined to enhance the coherent signals of interest (aligned 
neurites) and suppress the incoherent signals (random, unaligned neurites) in order to better detect 
these signatures through the FFT analysis. For datasets with n > 3, we created combinations of 3 for 
each permutation of n; this was done to have a common noise floor across all analyzed images. The 
image combination was performed using a script in MATLAB®. An FFT was taken for each 
combination image using the ImageJ software (representative images are shown in Figure 2.3A). 
The power spectral density (PSD) was obtained from each FFT through a radial sums method 
(Figure 2.3B).30 Because the image is rotated 90° when taking the FFT, the peaks of interest are 
shifted by 90°. A multimodal Gaussian distribution was fit to the PSD at 90° and 270° and the 
power contained within the two peaks was divided by the power outside the peaks yielding a relative 
energy for each condition and time point. This relative energy was squared and plotted (Figure 
2.3C). A two-way ANOVA and Tukey’s post-hoc test were performed for the rose plot data as well 






Figure 2.2.  Quantif ication of global  a l ignment considering only the angle of  each neurite.  Each 
column shows process angle alignment on glass, silicon nitride, and µ-Tube substrates over 4, 7, 10, and 14 (DIV). 
Neurites show significant bias toward 0˚ on the µ-Tube substrate as compared with glass or silicon nitride, two-way 






Figure 2.3.  Quantif ication the global  a l ignment through fast-Fourier  transform (FFT) and power 
spectral  density (PSD) analyses.  (A) Fluorescent images of neurons on glass, silicon nitride, and µ-Tube 
substrates, tracings of the neurites from fluorescent images, and FFT of tracings. (B) Representative PSD shows 
alignment of the neurites along the direction of µ-Tubes at angles 90° and 270°, while the other substrates do not show 
any directional alignment. (C) Quantification of relative energies of alignment on the three substrates using Gaussian 
fitting to determine the energy within a peak. Relative energy on the µ-Tubes compared to the two controls is 
significantly higher, two-way ANOVA, Tukey’s post-hoc p < 0.0001. 
2.2.6 Quantifying Local Alignment 
To define and quantify local alignment, we considered the angle in conjunction with the 
alignment parameter, which we previously defined as the square of the ratio of the projected length 
of the neurite along the direction of the µ-Tube (S) to the full length of the neurite (L). For local 
alignment, we only consider the µ-Tube substrate at each time point. Perfect alignment describes a 
neurite with an angle of 0° and an alignment parameter of 1; imperfect alignment describes a neurite 
with an angle of 90° and an alignment parameter of 0. However, a realistic definition of alignment 
requires an allowable tolerance for both the angle and alignment parameter. Therefore, defining a 





We plotted the associated alignment parameter and angle for each neurite over the four time 
points in a 2D histogram, with the number of neurites contained in each bin represented by color 
(Figure 2.4A). In order to determine the cutoff, we created a training set of data for each time 
point, in which each neurite was manually classified as aligned or unaligned, and imposed these 
classified points onto each histogram for 4, 7, 10, and 14 DIV. The cutoffs for angle and alignment 
parameter were determined based on an average capture of 97% or better of the aligned training data 
(see Appendix A for elaboration on training data). Taken together, satisfying the angle and 






Figure 2.4.  2D histograms (normalized) of a l ignment parameter and neurite  angle for (A) pooled data 
sets over time, and (B) 4, (C) 7, (D) 10, and (E) 14 DIV within the cutoff bounds. The color indicates the number of 
neurites binned at each point. The cutoff for alignment is set as any neurite with an alignment parameter of ≥ 0.75, and 





2.2.7 Correlating Distance between Neurite Origin or Varied Neurite Length and    
µ-Tube 
To explore the relationship between alignment and the relative location of a neurite to a µ-Tube, 
we considered the minimum distance (Dmin) between the origin of each neurite at the soma and the 
closest µ-Tube and its relationship to alignment of the neurite. We also considered the minimum 
distance between the nearest µ-Tube and the point at which the ratio of the remaining projected 
length (vS) to the remaining total length (vL) was within a certain tolerance, greater than or equal to 
0.75 (i.e. vS was at least 75% of vL). Dmin was calculated by generating a binary image of the µ-Tube 
array based on the brightfield image of the array, then calculating the minimum distance from each 
segment of each neurite to the nearest µ-Tube. 
For the soma-originating neurites, taking the associated angle, alignment parameter, and Dmin for 
each neurite, the raw Dmin data was limited by the angle cutoff and the alignment parameter cutoff 
resulting in a final set of neurites that are aligned. The unaligned neurites, or residuals, were 
identified as those neurites lying outside of the angle and alignment parameter cutoffs. 
For the varied neurite length, working with neurites within the angle and alignment parameter 
cutoffs, each neurite was progressively shortened by removing segments successively beginning at the 
soma-origin (Figure 2.2F). At each variable length, the new varied projected length (vS) and varied 
total length (vL) was calculated and the ratio evaluated. The minimum distance was isolated for all 
neurites where vS/vL ≥ 0.75 (i.e. vS was at least 75% of vL). These neurites were then progressively 






2.3 Results and Discussion 
Inspection of neurons growing on the µ-Tube substrate reveals instances of alignment of neurites 
along the edge, top, or inside the tubes; this more uniform organization of the neurites along the 
direction of the µ-Tube array results in a higher degree of alignment that is not observed in the 
control images (Figure 2.5). The scanning electron micrograph of our µ-Tube design shows the 
arrayed geometry of the µ-Tubes (Figure 2.1A). When the relationship of the cell geometry to the 
µ-Tube array is compared instances of neurites aligning with the µ-Tubes are apparent (Figure 
2.1B-D). In order to characterize the extent of alignment of neuronal processes to the µ-Tube 
structures, we classified and quantified alignment through consideration of neurite angle, curvature, 
and length. The two alignment analyses performed were a global alignment characterization 
considering the generalized approach of the angle of the neurite (Figure 2.1E), and a localized 
alignment analysis through consideration of our defined alignment parameter (Figure 2.1F). 
Additional alignment analysis relative to the microtube is included in Appendix B. The viability of 
hippocampal neurons is comparable on glass and SiNx (Figure 2.6), demonstrating the 
biocompatibility of the µ-Tube substrate. The growth and behavior of embryonic cortical neurons 






Figure 2.5.  Fluorescent images of rat  hippocampal neurons on glass  and planar SiNx control 
substrates .  Immunocytochemistry shows MAP2 (red, neuronal marker), GFAP (green, glial marker), and DAPI (blue, 






Figure 2.6.  Neurons cultured on glass and planar SiNx control substrates have comparable neurite length (unpaired t-
test, p = 0.1809) and number of neurites per cell (unpaired t-test, p = 0.8072), indicating biocompatibility of the SiNx 
material, and therefore biocompatibility of the mixed-material µ-Tube substrate. 
Global alignment of the neurites was first explored by considering the angles pooled for each 
substrate at each time point and representing them as 90° rose plots (Figure 2.2). Visual inspection 
of the rose plots on the glass and SiNx controls suggests a wide distribution of the angles between 0-
90° and a bias of the angle distribution towards 0° on the µ-Tubes for all time points. This 
observation is confirmed by a two-way ANOVA and subsequent Tukey’s post-hoc test, which found 
significance (p < 0.0001) between the µ-Tube substrate and each control, with no significant 
difference in the means of the two controls. This provides the first quantifiable evidence for 
enhanced alignment on the µ-Tubes compared to the random growth patterns on either glass or 
SiNx. 
The extent of global alignment on the µ-Tubes was further compared to the two control 
substrates was achieved via FFT and PSD analyses. Representative images of the analysis processes 





the processed FFT from the tracings appear in Figure 2.3A. Inspection of the µ-Tube PSD 
(Figure 2.3B) reveals two distinct peaks at 90° and 270°, which correspond to the direction of the 
µ-Tube array, following a rotation of the image by 90°. However, the PSD for both the glass and 
planar SiNx substrates (blue and green lines) shows a uniform, albeit noisy distribution, indicating 
that the controls show again no directional alignment over the spectra. Figure 2.3C shows the 
quantification of relative energies of alignment on the three substrates. Overall, we found that the 
relative spectral energy on the µ-Tubes compared to the two controls is significantly higher: a two-
way ANOVA and Tukey’s post-hoc test revealed a significant difference between the relative spectral 
energy of the µ-Tube PSD for each time point, compared to the two controls (p < 0.0001). Taken 
together, the information from the rose plots and FFT power spectra confirms that the topography 
of the µ-Tubes provides a significant cue for enhanced alignment along the direction of the array, 
while the absence of µ-Tubes on the two control substrates results in a culture with increased 
randomness of neurite projection.  
Evidence of the trend of global alignment apparent on the µ-Tubes as determined by 
distribution of the angles on the three substrates and the differences in the relative spectral energy on 
the µ-Tube substrate compared to the two controls, caused us to develop a consistent measure of 
alignment. The alignment parameter and neurite angle for pooled data sets over time (Figure 
2.4A), and at 4, 7, 10, and 14 DIV (Figure 2.4B-E) were compiled as 2D histograms in order to 
establish appropriate threshold values for alignment. The two properties of each neurite were 
considered together, and an angle of ≤ 30° was determined as the angle cutoff, while an alignment 
parameter of ≥ 0.75 was chosen as the alignment parameter cutoff. Figure 4B-E depicts the 





(n ≥ 90), the chosen cutoff bounds successfully capture the training data at a rate of 97% or better. 
These results validate the decision to choose a universal cut-off of an angle ≤ 30° and alignment 
parameter ≥ 0.75 as an indicator for alignment for all DIV. 
We also evaluated the relationship between the distance separating a neuron from the nearest µ-
Tube and its bearing on alignment. Specifically, we considered the minimum origin distance (Dmin) 
of neurites originating at the soma that was influenced by the topographic pattern of the µ-Tubes in 
this arrayed configuration. To elucidate any relationship, we tracked how Dmin changed between 
aligned and unaligned neurites over time. The boxplot (Figure 2.7A) reveals no significant 
difference in Dmin between the aligned neurites and the unaligned neurites (residuals), either within 
individual time-points, or across time. These data demonstrate no correlation between alignment 
and distance between soma-originating neurites and the closest µ-Tube for this configuration of µ-
Tubes. 
To determine whether a certain minimum distance of the neurite from the µ-Tube conferred 
alignment to a greater percentage of neurite length, an alternative location for measuring Dmin was 
chosen as the point at which vS/vL ≥ 0.75. In this case, neurites were not examined based on DIV, 
but rather based on the vS/vL ratio, binned into one of five ranges, those with a ratio greater than 
0.80, 0.85, 0.90, or 0.95. No significant difference was found in the relationship between the 
distance and the vS/vL ratio (Figure 2.7B), which again suggests with this configuration of µ-
Tubes there does not exist a definitive distance at which a neurite approaches a µ-Tube that will 






Figure 2.7.  The orientation of a l l  neurites  was influenced by the patterning of µ-Tubes under 
conditions examined. (A) The relationship between neurite origin distance vs. alignment is presented as angle and 
alignment parameter limited (blue), and residuals (pink). Data are plotted for 4, 7, 10, and 14 DIV. No significant 
difference was found between alignment and distance between the origin of soma-originating neurites and the closest µ-
Tube (two-way ANOVA, p > 0.05). (B) The relationship between the minimum distance at the variable length of the 
neurite vs. ratio of remaining projected length (vS) to remaining total length (vL). No neurites fell within the 0.80 to 
0.85 range, hence the empty region. No significant difference was found in minimum distance across vS/vL ratios (one-





Although there is a lack of correlation between alignment and distance from the µ-Tube, overall, 
the data clearly state that the use of the µ-Tube platform guides neurite alignment, conferring an 
increased degree of order to the system beyond that observable on a standard planar substrate. Our 
understanding of the background alignment of neurons on chip will allow for more definitive 
conclusions regarding the influences of future µ-Tube sensors independent of the coupling behavior 
of the base topography. This will allow for exact elucidation of the characteristics of the electric field 
and overall alignment and organization of the neurons on a powered substrate. 
2.4 Conclusion 
This chapter reports both the global and local alignment of hippocampal neurons on an MEA-
compatible µ-Tube platform. We showed that the array of µ-Tubes provides a strong signal for 
alignment, thereby increasing the order of the system over randomly seeded cultures on glass and 
SiNx. The global alignment revealed through both angle detection and relative energy analyses 
showed no significant difference in the means of the two control substrates, however, there was clear 
evidence for enhanced alignment on the µ-Tube substrates in the direction of the µ-Tube 
orientation. On a localized scale there appears to be no significant relationship between alignment 
and the relative quantifiable distance changes in the spacing between the neurites and the µ-Tubes. 
This characterization of alignment is statistically sufficient to decouple the effects of topographic 
signals on neurite orientation from that of electrically or chemically induced signals that are 
frequently needed for applications of MEA technology; furthermore, the 3D geometries provide a 
means to construct intentional neural circuits and also manipulate single elements within the circuit 
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CHAPTER 3: TUNING MICROTUBE TOPOGRAPHY TO 
ENHANCE ALIGNMENT OF HIPPOCAMPAL NEURITES** 
3.1 Introduction 
Topographical cues influence organization of neurons, extension of neurites, and drive cell-cell 
interactions.1–5 Hippocampal neurons cultured on substrates with microstructures (pillars) extended 
longer neurites compared to neurons cultured on flat substrates.6 Variations in topography through 
the use of varying shapes, adjustments to height, and orientation of microstructures can further 
manipulate neuronal behavior. Increasing depth of grooves on Perspex improved alignment of 
neurons from chick embryos.7 Patterning of ridges or grooves in various geometric shapes and raised 
features in the form of triangles, squares, and rectangles of different scales align hippocampal neurites 
between or along the structures as neurons grow on the different substrates.8 
The initial characterization of neuronal growth on the microtube substrate confirmed that the 
microtubes improved alignment of rat hippocampal neurites compared to the behavior observed on 
control glass or planar silicon nitride substrates (Chapter 2). Since this initial study only considered a 
single arrangement of microtubes with a standardized length (50 µm) and pitch (40 µm), the 
subsequent step was to explore how subtle changes to the substrate organization could improve 
alignment. The new iterations of the substrate were relatively straightforward as the fabrication 
process of the microtubes is easily customizable.9  
                                                
** This chapter has been adapted from the following publication: Olivia V. Cangellaris, Elise A. Corbin, Paul 
Froeter, Julian A. Michaels, Xiuling Li, and Martha U. Gillette. (2018) “Biocompatible Self-Rolled-Up Silicon 







In these experiments, two parameters of the microtube substrate were adjusted: (1) pitch, or 
spacing between microtubes and (2) microtube length. To determine how the spacing of microtubes 
impacts alignment, a substrate with standard microtube length (50 µm) and a gradient pitch was 
fabricated. In order to assess the effect of microtube length on alignment, a substrate with varying 
lengths of microtubes was fabricated, maintaining a standard pitch (40 µm). Hippocampal neurons 
from neonatal rats were cultured on the gradient pitch or gradient length microtube substrates. 
Alignment was measured based on the metrics defined in Chapter 1: global alignment and local 
alignment. The local alignment was employed to further explore how the distance between neurons 
with aligned neurites and the nearest microtube was impacted by changes to substrate pitch and 
microtube length, compared to the standard pitch and length substrate. Results demonstrate 
addition of a gradient pitch enhances the extent of alignment, and longer microtubes correlate with 
better neurite alignment. 
3.2 Materials and Methods 
3.2.1 Substrate Fabrication and Preparation 
Two new layouts of microtubes (µ-Tubes) were fabricated using the same technique outlined in 
Chapter 1 and elsewhere,9–11 with different photolithography masks, summarized briefly here. A 
magnesium sacrificial layer (20-80 nm thick) was deposited via e-beam evaporation onto a #1.5 glass 
coverslip (0.16-0.19 mm thick, 22 mm x 30 mm). Plasma-enhanced chemical vapor deposition 
(PECVD) was then used to deposit two layers of silicon nitride (SiNx) under compressive (low 
frequency PECVD) and tensile (high frequency PECVD) strain. The thickness of each SiNx layer 
was between 15-20 nm, for a rolled tube diameter range between 4-5 µm. AZ5214E photoresist was 





bilayer with Freon (CF4) reactive ion etching and subsequent removal of the photoresist with 
developer. To release the strained membrane from the coverslip, a hydrogen peroxide etch was 
performed using 30% H2O2 at 80 °C. A gradient pitch substrate (GPµTb) was designed and 
fabricated with 50 µm long µ-Tubes separated with a pitch ranging between 20-60 µm and 100 µm 
(Figure 3.1A). A second substrate with varying microtube lengths (gradient length substrate, 
GLµTb) was designed and fabricated, with µ-Tubes ranging in length from 20†† µm- to 80 µm-long, 
separated by a static pitch of 40 µm (Figure 3.1B). 
 
Figure 3.1.  Scanning electron micrograph (SEM) images of (A) gradient pitch µ-Tube substrate with pitch ranging 
from 20-60 µm and 100 µm (5 µm diameter, 50 µm length). Inset shows µ-Tubes separated by 20 µm and 30 µm pitch 
(right to left); (B) Gradient length µ-Tube substrate with lengths ranging from 20-80 µm (5 µm diameter, 40 µm pitch). 
Inset shows µ-Tubes with lengths 30-, 40-, and 50-µm (left to right). Panels were modified in Adobe® Photoshop® to 
improve brightness and contrast. 
3.2.2 Cell  Culture and Preparation  
According to previously reported protocols, hippocampal neurons were isolated from post-natal 
day 1/2 (P1/2) Long-Evans BluGill rats, a genetically homogeneous inbred line created in the 
                                                
†† While the smallest microtube length was 20 µm, the smallest microtube length utilized in data analysis was 30 µm due 





Gillette lab.12,13 Protocols established by the University of Illinois Institutional Animal Care and Use 
Committee and all state and federal regulations pertaining to animal use were observed and followed 
during these experiments. Hippocampi were harvested from two P1/2 rat pups and pooled, then 
digested with papain (18.75 U-mL-1) 2x15 min to dissociate the neurons. The gradient pitch and 
gradient length µ-Tube substrates, as well as two control substrates (a standard #2 glass coverslip (22 
mm x 22 mm) or a standard #1.5 glass coverslip with a planar SiNx bilayer (40 nm thick)), were 
coated with poly-D-lysine (0.1 mg-mL-1 PDL, Invitrogen), prior to cell seeding. The cells were then 
seeded (250 cells-mm-2) on each substrate and allowed to grow for 4 and 7 days in vitro (DIV) in a 
humidified incubator at 37 °C with 5% CO2, with media changed at 4 DIV. Hibernate-A (Brain-
Bits; Springfield, IL) or Neurobasal-A (Invitrogen; Carlsbad, CA) media were supplemented with 
0.25% GlutaMAXTM (Invitrogen), 2% B-27 (Invitrogen), and 1% 100 U-mL-1 penicillin and 0.1 
mg-mL-1 streptomycin (Sigma-Aldrich) and used for cell culture. 
3.2.3 Fixation and Immunocytochemistry 
At 4 and 7 DIV, the neurons were immersed in 4% Electron Microscopy grade 
paraformaldehyde for 20 min on a shaker. Following fixation, immunocytochemistry (ICC) was 
performed to elucidate cellular identities. Cells were washed for at least 5 min between each step 
with phosphate buffered saline (PBS, pH 7.4). Following permeabilization of cell membrane for 10 
min with 0.3% Triton X-100 (Sigma-Aldrich, diluted in PBS), samples were blocked for 30 min 
with 5% normal goat serum (NGS, Sigma-Aldrich) to protect against non-specific binding of 
antibodies. Samples were then incubated overnight (4 °C) with rabbit polyclonal primary antibody 
for microtubule associated protein-2 (MAP2, neuronal marker, 1:1,000, Chemicon), and mouse 





was performed with the secondary antibodies: goat anti-rabbit, Alexa Fluor 594 and goat anti-
mouse, Alexa Fluor 488. The next day, DAPI (1:50,000, nuclear marker, Invitrogen) was added to 
each sample for 10 min at room temperature. Finally, cells were washed with PBS for 10 min and 
stored in fresh PBS prior to imaging (within 24 h). ICC images were captured on a Zeiss Axiovert 
100 TV fluorescence microscope using a 10x objective. 3-6 different fields of view (FOVs) were 
acquired for each sample and 3 substrates were analyzed at each time-point, representative images 
shown (Figure 3.2). 
 
Figure 3.2.  Fluorescent images of hippocampal neurons cultured on (A) gradient pitch (GPµTb) and (C) gradient 
length (GLµTb) µ-Tubes and stained after 7 days in vitro (DIV) (MAP2, red, GFAP, green, and nuclei, blue). Overlay of 
fluorescent image and brightfield image of neurons on (B) GPµTb, (D) GLµTb substrate. Fluorescent images were 
superimposed on the Brightfield image in Adobe® Photoshop® and saturation and color levels were adjusted to enhance 





3.2.4 Data Processing  
Analysis for global and local alignment as well as minimum distance was described at length in 
Chapter 1. Each process is briefly summarized here. 
Image Processing 
MAP2 ICC images were used to trace neurites with the NeuronJ plugin from ImageJ. 8-bit 
images containing vertex points for each neurite were generated. This data was subsequently used to 
determine neurite length (total length and projected length) for the global alignment (neurite angle 
for rose plots) and local alignment analyses using scripts written in Matlab®. 
Global Alignment 
Global alignment was considered in the form of rose plots and fast Fourier transform (FFT) with 
power spectral density (PSD). For the rose plots, the angles of all neurites at each time point for each 
substrate were pooled and plotted in Matlab®, restricting the angles between 0-90°. The 0° reference 
angle was designated as the direction of the µ-Tube array along the horizontal axis of the image. 
Angles were determined for each neurite by taking the initial and terminal vertex points of the 
neurite tracing, creating a vector, and calculating the angle of that vector with respect to the 
reference angle. 
For the FFT analysis, the neurite-tracing image from NeuronJ was first converted to a binary 
image in Matlab®, then an FFT was taken using ImageJ and a radial sums analysis to generate a PSD. 
Using Matlab®, the PSD was fit with two Gaussian peaks centered at 90° and 270° and the ratio of 
the relative energy contained inside and outside of the peaks was calculated to determine global 
alignment. For the GLµTb data, images were cropped and zero-padded prior to performing the FFT 





was also adjusted to be 256 uniformly throughout the image. For further discussion of zero-padding 
and intensity adjustment, see Appendix C. 
Local Alignment 
Local alignment is based on the neurite angle and its alignment parameter score. The alignment 
parameter quantifies the fraction of the neurite that is aligned to the µ-Tube direction, and is the 
squared ratio of projected length to full neurite length. A neurite is classified as perfectly aligned with 
an angle of 0° and an alignment parameter of 1, while neurites with an angle of 90° and alignment 
parameter of 0 are classified perfectly unaligned. The tolerance for alignment is a neurite with an 
angle of 30° or less and an alignment parameter ≥ 0.75. Additional alignment analysis relative to the 
microtube is included in Appendix B. 
Minimum Distance 
The minimum distance (Dmin) describes the smallest distance between a neurite and a µ-Tube. 
This variable was considered to determine whether aligned neurites were significantly closer to a µ-
Tube than unaligned neurites. Dmin was calculated for every soma-originating neurite by calculating 
the minimum distance between the initial vertex point of the neurite and the nearest µ-Tube. A 
variable analysis was also considered, where Dmin was calculated for each neurite using a subtractive 
method that progressively shortens the neurite length segment by segment according to the vertex 
points, and grouping the variable segments based on five cutoffs: the ratio of vS/vL was (1) between 
0.75 and 0.80, (2) between 0.80 and 0.85, (3) between 0.85 and 0.90, (4) between 0.90 and 0.95, 
(5) greater than 0.95. The neurites in each group were then range-limited by isolating aligned 
neurites (angle ≤ 30°, alignment parameter ≥ 0.75) and residuals (angle ≤ 30° with alignment 





there was a critical point at which a neurite became aligned, and how this correlates to Dmin. In order 
to accomplish this analysis, the brightfield FOV corresponding to each MAP2 ICC image was 
converted to a binary image in Matlab® with a customized script. The neurite tracings acquired 
through NeuronJ were then mapped to the binary image and Dmin was determined. 
3.2.5 Statistical Analysis  
Results are reported as mean ± standard error of the mean (s.e.m.). ANOVA was performed 
followed by Tukey’s post-hoc test, when indicated. A p-value < 0.05 was used as the threshold for 
significance. 
3.3 Results and Discussion 
In order to explore how adjustments to the µ-Tube topography can improve alignment, we 
considered two changes: the pitch of the array, or the length of the microtubes. We performed the 
same global and local analysis on each new substrate and compared the results from neurons cultured 
on the gradient pitch µ-Tube array to those on the standard pitch µ-Tube array. For the gradient 
length substrates, we isolated the neurons and neurites interacting with each tube length and 
compared the results across the microtube length data sets. 
The global analysis revealed that the average angle of the neurites on the GPµTbs was 
significantly smaller than the angle of the neurites on the SPµTbs (GPµTb: 36.6° ± 0.55°, SPµTb: 
38.82° ± 0.48°, two-way ANOVA and Tukey’s post-hoc p = 0.0076) (Figure 3.3A). The power-
spectral density data revealed significantly higher relative energy on the gradient pitch substrate 
compared to the standard pitch substrate at 7 DIV (GPµTb: 1.49 ± 0.063, SPµTb: 0.86 ± 0.026, 
one-way ANOVA and Tukey’s post-hoc p < 0.0001), with no significant difference at 4 DIV 





Additionally, while the relative energy at 7 DIV was significantly higher than at 4 DIV on the 
gradient pitch substrate (p < 0.0001), there was no significant difference between the relative 
energies at 4 and 7 DIV on the standard pitch substrate. These data suggest that over time the 












Figure 3.3.  Global analysis  of  gradient substrates .  (A) A stronger bias toward 0° is observed for the neurite 
angles on the gradient pitch µ-Tube (GPµTb) substrate compared to the standard pitch substrate (SPµTb), with a 
significantly smaller angle on the GPµTb (36.6° ± 0.55°) compared to the SPµTb (38.82° ± 0.48°), two-way ANOVA 
and Tukey’s post-hoc p = 0.0076. (B) Fast-Fourier transform (FFT) and power spectral density (PSD) analyses reveal 
significantly higher energy on the GPµTb compared to the SPµTb at 7 DIV, and within the GPµTb substrate the 
relative energy is significantly higher at 7 DIV compared to 4 DIV (two-way ANOVA, Tukey’s post-hoc p < 0.0001). 
(C) A wide distribution of the neurite angles is observed with neurites on the 30 µm long microtubes and the angles of 
neurites on the 80 µm long microtubes show a strong bias toward 0° at both 4 and 7 DIV. 30 µm µ-Tube neurites 
average angle 4 DIV: 43.64° ± 4.14°, 7 DIV: 40° ± 2.42°. 80 µm µ-Tube neurites average angle 4 DIV: 34.29° ± 2.73°, 7 
DIV: 31.44° ± 1.71°. The neurite angles were, on average, significantly smaller for neurites on the 80 µm long µ-Tubes 
compared to those on the 30 µm long µ-Tubes, two-way ANOVA, Tukey’s post-hoc p = 0.03. (D) FFT and PSD 
analyses of the gradient µ-Tube length reveal significantly higher energy at 7 DIV for µ-Tubes of length 60, 70 or 80 µm 
compared to shorter µ-Tubes of length 30 µm, and significantly higher energy at 7 DIV compared to 4 DIV for all tube 






Global analysis of the gradient length substrates revealed a wide angle distribution of neurites on 
the 30-µm long microtubes, with an average angle of 43.64° ± 4.14° at 4 DIV and 40° ± 2.42° at 7 
DIV, while the distribution of angles for neurites on the 80 µm long microtubes shows a stronger 
bias toward 0°, with an average angle of 34.29° ± 2.73° at 4 DIV and 31.44° ± 1.71° at 7 DIV. The 
angles for these neurites were, on average, significantly smaller than the angles of the neurites on the 
30-µm long microtubes (two-way ANOVA, Tukey’s post-hoc p = 0.03) (Figure 3.3C). Analysis of 
the relative energy on the gradient length substrate revealed two trends: (1) significantly lower energy 
for the shorter tube lengths (30 µm and 40 µm), and (2) significantly higher energy at 7 DIV 
compared to 4 DIV for all tube lengths except 50 µm (Figure 3.3D, Table 3.1). Within the 4 
DIV time point, the highest relative energy was observed for microtubes with a length of 50 or 60 
µm, compared to microtubes with lengths of 30, 40, and 70 µm. Whereas the relative energy at 7 
DIV is highest for the longer microtubes (lengths 70 and 80 µm), and in general the relative energy 
demonstrates an increasing trend as the microtubes lengthen. This difference in trend suggests that 
after 7 DIV, the neurites have elongated and followed the topographical cue of the microtubes in 
greater instances compared to the young neurons cultured for only 4 DIV, whose neurites are not 










Table 3.1. Compilation of p-values for gradient length data.  Shaded cells indicate significance; dashed boxes 
highlight significance between similar tube lengths. Comparison of p-values (A) between 4 DIV and 7 DIV time points 






To determine if the minimum distance for soma-originating neurites differed with the change in 
topographical arrangement of the µ-Tubes, we evaluated Dmin for the GPµTb substrate compared to 
the SPµTb substrate. The boxplot (Figure 3.4A) reveals no significant difference in Dmin between 
the aligned neurites and the unaligned neurites (residuals) on either the SPµTb array or the GPµTb 
array, both within individual time-points, and across time. These data demonstrate no correlation 
between alignment and distance between soma-originating neurites and the closest µ-Tube for each 
configuration of µ-Tubes. However, when comparing alignment and distance across the two array 
configurations, it is clear that the aligned neurites on the GPµTb array are separated from the nearest 
microtube by a significantly smaller distance than those found on the SPµTb array (one-way 
ANOVA, Tukey’s post-hoc, p < 0.0001). These data suggest that the gradient pitch provides a 






Figure 3.4.  Analysis  of  re lat ionship between al ignment and distance from microtube for standard 
and gradient pitch substrates .  (A) The relationship between neurite origin distance vs. alignment is presented as 
angle and alignment parameter limited (blue), and residuals (pink). Data are plotted for gradient and standard pitch 
microtube substrates at both 4 and 7 DIV. No significant difference was found between alignment and distance between 
the origin of soma-originating neurites and the closest µ-Tube within the standard pitch substrates or the gradient pitch 
substrates alone (one-way ANOVA, p > 0.05). However, comparison between the standard and gradient pitch substrates 
revealed significantly smaller distance between aligned neurites and the nearest microtube on the gradient pitch substrate 
compared to the standard pitch substrate for both 4 DIV and 7 DIV (one-way ANOVA, Tukey’s post-hoc p < 0.0001). 
(B) The relationship between the minimum distance at the variable length of the neurite vs. ratio of remaining projected 
length (vS) to remaining total length (vL). No neurites fell within the 0.90 to 0.95 range for the standard pitch (green), 
or the ≥ 0.95 range for the gradient pitch (blue), hence the absence of corresponding data in those regions. A 
significantly smaller distance was found on the gradient pitch substrate across vS/vL ratios between 0.75 to 0.90 (one-





When considering how Dmin differed for the variable length analysis, the neurites were grouped 
into the cutoff ranges, rather than considered based on DIV. No significant difference was found in 
the relationship between the distance and the vS/vL ratio for either the SPµTb substrate or the 
GPµTb substrate (Figure 3.4B), suggesting that with each configuration of µ-Tubes alone there is 
no definitive distance that confers greater alignment of the neurite. However, comparison between 
the SPµTb and GPµTb substrates reveals a significantly smaller Dmin on the GPµTb substrate for 
neurites with a ratio greater than 0.75, 0.80, and 0.85 (two-way ANOVA, Tukey’s post-hoc, p < 
0.0001). This indicates that, while the neurites may not exhibit differing behavior within each 
substrate, on the GPµTb, aligned neurites are closer to the microtubes than on the SPµTbs; 
although there still appears to be no relationship between distance and percentage of the neurite that 
is aligned. 
For the gradient length µ-Tube array, no significant difference was found between alignment 
and distance between soma-originating neurites and the nearest microtube for any tube length. 
Additionally, no microtube length conferred any better relationship between minimum distance and 
aligned neurites (Figure 3.5A). In the variable neurite length Dmin analysis, of neuronal processes 
with 90%-95% of their length classified as aligned those interacting with microtubes of length 70 
and 80 µm were significantly closer to the microtube than for similarly aligned neurites interacting 
with microtubes of length 40 µm (Figure 3.5B). These data suggest that based on the proximity of 
the hyper-aligned neurites to the microtubes the shorter microtube (40 µm) does not provide as 







Figure 3.5(A).  Analysis  of  distance and neurite  a l ignment on gradient length microtube substrate.  
The relationship between neurite origin distance vs. alignment is presented as angle and alignment parameter limited 
(blue), and residuals (pink) for each microtube length. Data are plotted for (A-1) 4 DIV and (A-2) 7 DIV. No significant 
difference was found between alignment and distance between the origin of soma-originating neurites and the closest µ-
Tube for any tube lengths (one-way ANOVA, p > 0.05), nor was there significance between minimum distance of 






Figure 3.5(B).  Analysis  of  distance and neurite a l ignment on gradient length microtube substrate.  
The relationship between the minimum distance at the variable length of the neurite vs. ratio of remaining projected 
length (vS) to remaining total length (vL) for neurites associated with microtubes of lengths 40, 70, and 80 µm. 
Significance was only found between 40 µm and 70 µm (p = 0.042) and 40 µm and 80 µm (p = 0.009) for the vS/vL 
ratio in the range of 0.90 to 0.95 (one-way ANOVA, Tukey’s post-hoc, * p < 0.05, ** p < 0.01). Red crosses indicate 
outliers from the boxplots. 
3.4 Conclusion 
In this Chapter, we have shown how subtle changes to the configuration of the microtube array 
can lead to improvement in alignment of neurites. The refinements were made through adjustments 
to microtube length and spacing between microtubes. The two substrates utilized were one with 
gradient spacing between microtubes (gradient pitch), and one with gradient length microtubes. 
Analysis of the neurite angles and FFT/PSD analysis for the GPµTb array reveal that addition of a 
gradient spacing between microtubes confers greater alignment of the neurites, compared to the 
results from the SPµTb array. Results from the GLµTb array show that longer microtubes (≥ 70 µm 
in length) correlate with more aligned neurites, while the shortest microtubes (30 µm in length) 





quantifiable distance changes in spacing between the neurites and the µ-Tubes on the SPµTb array, 
the gradient pitch substrates show aligned neuronal processes are significantly closer to the 
microtubes. Consideration of neurite proximity to microtubes and extent of alignment on the 
gradient length microtubes demonstrated significance only for hyper-aligned neurites interacting 
with long (70 and 80 µm) microtubes. According to these results, the best substrate for maximum 
alignment is the gradient pitch substrate. Future experiments can be conducted with substrates of 
gradient pitch and long (70 or 80 µm in length) microtubes to explore how the combination of these 
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CHAPTER 4: INTRODUCTION OF ELECTRIC FIELDS 
TO MICROTUBE SUBSTRATE 
4.1 Introduction 
Currently, MEA technology is limited by the random distribution of neurons with respect to 
electrodes, although patterning techniques have been developed to enhance neuron-electrode 
contact.1 The more complicating factor of MEAs is the density of the neural networks grown on the 
platform, which can make interpretation of the acquired signals challenging. Elucidating the 
response of individual neurons to electrical cues and correlating these responses to network dynamics 
requires a system that facilitates single-cell analysis.2 This can be achieved by fostering intimate 
contact between the electrode and a single neurite through the use of topographical cues to guide the 
process toward the electrode so as to allow conformation of the electrode to the neurite. Utilizing an 
array of ultra-thin silicon nitride (SiNx) nanomembranes, which self-roll into microtubes (µ-Tubes) 
with a diameter designed to allow only a single process entry,3,4 allows for the study of single 
neuronal processes at the single cell level. The ability to integrate metal to the platform supporting 
electrical stimulation and recording makes this system advantageous over traditional MEAs for the 
study of single-cell dynamics. 
This chapter outlines initial growth experiments of rat hippocampal neurons on an MEA chip 
with µ-Tubes, some of which contain rolled-up electrodes in the surface of the inner diameter of the 
µ-Tube. Through targeted activation of half of the electrodes, we establish an electric field profile on 
half of the MEA and investigate the impact on neuronal growth over 4 days in vitro (DIV). 
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4.2 Materials and Methods 
4.2.1 Substrate Fabrication 
The substrate for this study was an MEA including microtubes with electrodes within the inner 
diameter (rolled electrode microtubes, RE-µTbs), as well as some microtubes without electrodes. 
The fabrication process is summarized here. 
The rolled-up electrode microtube MEA fabricated began with a glass wafer (4” diameter, 0.70-
0.80 mm thickness) diced into two 49 x 49 mm2, and cleaned with acetone and isopropyl alcohol 
(IPA). A sacrificial layer (20 nm of Ge) was deposited through e-beam evaporation, followed by 
deposition of the SiNx bilayer with low frequency plasma-enhanced chemical vapor deposition 
(PECVD) (compressive strain), and high frequency PECVD (tensile strain), each layer to a thickness 
of 20 nm. Following the patterning of the SiNx bilayer, the microtube array was patterned with 
photolithography, and the bilayer etched with Freon reactive ion etching (RIE). After removing the 
photoresist with acetone/IPA, the chip was cleaned with O2 plasma (500 W, 3 min) to remove 
carbon contamination. Then a second photolithography step was performed to outline the electrode 
pattern and 7 nm Ni and 60 nm Au were deposited with e-beam evaporation. After liftoff (acetone 
bath, 10 min), an acetone/IPA clean and O2 plasma (500 W, 3 min), a final photolithography step 
was performed to lay the passivation pattern. The remaining part of the chip was passivated with 
SiOx (125 nm thick). The remaining SiOx was lifted off with an acetone bath (10 min), and the 
sacrificial layer was etched with 30% H2O2 (80 °C), allowing the microtubes to roll-up. 
4.2.2 Cell  Culture and Preparation 
Hippocampal neurons were harvested from post-natal day 1 or 2 (P1/2) Long-Evans BluGill rat 
pups, a genetically homogenous inbred line, according to the University of Illinois Institutional 
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Animal Care and Use Committee protocols and all state and federal regulations pertaining to animal 
use. The neurons were dissociated through 2x15 min papain (18.75 U-mL-1) digestions of 
hippocampi pooled from two P1/2 rat pups. Throughout dissociation, neurons were kept in 
Hibernate-A (Brain-Bits; Springfield, IL) media supplemented with 0.25% GlutaMAXTM 
(Invitrogen), 2% B-27 (Invitrogen), and 1% 100 U-mL-1 penicillin and 0.1 mg-mL-1 streptomycin 
(Sigma-Aldrich). 
A well was affixed to two REµTb substrates, using Sylgard 577 mixed with the curing agent at a 
10:1 ratio, and cured at 125 °C overnight. Substrates were placed under UV light overnight, then 
coated with poly-D-lysine (0.1 mg-mL-1 PDL, Invitrogen), then each substrate was seeded with 
1,500 cells-mm-2. The cells were cultured for 4 DIV in a humidified incubator at 37 °C with 5% 
CO2, and kept in Neurobasal-A (Invitrogen; Carlsbad, CA) media supplemented with 0.25% 
GlutaMAXTM (Invitrogen), 2% B-27 (Invitrogen), and 1% 100 U-mL-1 penicillin and 0.1 mg-mL-1 
streptomycin (Sigma-Aldrich). The media volume in the wells was monitored daily, and 
supplemented as needed. 
4.2.3 Electrical Stimulation and COMSOL Multiphysics®  Model 
Neurons were exposed to an electric field during their early development (1-4 DIV). The electric 
stimulation (200 µA peak-to-peak, 800 µs pulse width, 80% duty cycle) was applied 2x15 min each 
day, at an 8 h interval, utilizing the MEA2100-System from Multi Channel Systems. Only half of 
the electrodes were powered (right side), with the other half (left side) serving as an internal control 
(Figure 4.1). A second substrate was keep unpowered as a control. 
The electric field profile was estimated through a simplified model in the AC/DC Electric 
Currents module of COMSOL Multiphysics®. The right half of the electrode array geometry and the 
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ground electrode were built, to scale. The solution was plotted as a surface plot of the electric 
potential, and the current density arrow plot (Figure 4.2).  
 
 
Figure 4 .1:  Schematic of multi-electrode array with patterned microtubes. 
Green leads and electrodes are powered, while black leads and electrodes are 




Figure 4.2:  The model was solved with an electric potential of 2 V at each electrode (circles), and a 0 V initial 
potential for the ground (rectangle). The electrodes and ground material were gold, with associated er = 6.9 F/m, the 
dielectric constant for the surrounding media was 59.5 F/m. Plots of the surface electric potential (top) and current 
density (bottom) are shown. 
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The parameters for electrical stimulation were chosen based on previously reported experiments 
with hippocampal neurons,5 and the magnitude of applied stimulus was chosen based on the 
measured response of 21 DIV hippocampal neurons to a stimulation train of 10 different 
parameters. The neurons were cultured on an MEA with planar electrodes and no microtubes, 
following the same culture methodology described above. The MEA2100-System Multi Channel 
Systems DAQ was used to record the response of the neural network to the stimulation. The 
stimulation train was applied four times, and data from 10 electrodes of the third stimulation train 
was analyzed. The average number of spikes was calculated for each stimulation (Figure 4.3), and 
the amplitude of 200 µA peak-peak was chosen for its lower magnitude, but relatively consistent 
spike average compared to the other parameters. 
 
 
Figure 4.3:  Hippocampal neurons (21 DIV) were stimulated with 10 different 
stimulation parameters and resulting neural activity was recorded. Number of 
spikes recorded from 10 electrodes was averaged and plotted with standard error. 
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4.2.4 Image Acquisition and Processing 
Images of each substrate were collected every 8 h from 0-4 DIV. Imaging was performed on an 
Olympus IX81 Inverted Cell Culture Microscope with a 10x and 20x objective under phase-
contrast. Neurites were traced using the ImageJ plugin, NeuronJ, and data was exported to Matlab® 
for subsequent analysis. 
4.2.5 Data Analysis  
Neurite length was calculated using Matlab® and differences in neurite length were compared 
across the two conditions, powered and unpowered. Neurite growth rate (NGR) was determined by 
identifying 5 neurons per condition (right side of each device) and tracing the neurites across images 
for time points 8-88 h, for a total of 11 images analyzed per condition. The neurite lengths were 
then processed and growth rate was calculated by using the following equation: 
𝑁𝐺𝑅 =  !!!!! !!
!
,  
where NGR is the neurite growth rate, L is the neurite length, and n is the time point (e.g. 8 h, 16 h, 
24 h…88 h). 
Alignment was determined using fast Fourier transform (FFT) and power spectral density (PSD) 
analysis reported previously (Chapters 2 and 3). The angle of comparison was chosen as 0° assigned 
to the horizontal image frame, so two Gaussian peaks were fit at 90° and 270° on the PSD plot to 
calculate the relative energy for each condition. The 96 h image was used for this analysis, first the 
tracings were isolated and converted to a grayscale image, then the image was cropped to isolate the 
right and left side of the chip (Figure 4.4). For the powered REµTb, the right side of the image 
was powered, while the left side was unpowered. For the unpowered REµTb, both the right and left 
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sides of the image were unpowered. The FFT/PSD process was applied separately to each side of the 
powered image and unpowered image. 
The alignment parameter (XX) and angle of each neurite were calculated in Matlab® as described 
in Chapters 2 and 3, using the same reference frame as the FFT analysis. Neurites with an angle ≤ 
30° and XX ≥ 0.75 were classified as aligned to 0° (the horizontal image frame), while neurites with 
an angle ≥ 70° and XX ≤ 0.25 were classified as aligned to 90° (the vertical image frame). The 
frequency of neurites aligned in either direction was compared between the stimulated (right) and 






Figure 4.4:  Neurite tracings of  rat  hippocampal neurons (4 DIV). (Center) Brightfield images of neurons 
cultured on rolled-up electrode microtube substrate following image processing with NeuronJ (purple - tracings), top 
shows experimental substrate (right side of chip was powered), bottom shows control substrate (no power). Tracings 
were isolated from brightfield image, and images were cropped (along yellow dotted line) for FFT analysis, shown on 
either side of center image. (Brightness was adjusted for all images in Adobe Photoshop® for display purposes). 
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4.3 Results and Discussion 
4.3.1 Neurite Growth 
Neurite growth was observed over 96 h (4 days). Through the use of images acquired every 8 h, 
neurite extension and growth rate were observed and quantified. The panels in Figure 4.5 track 
the growth of neurites from two neurons over the course of 4 days. Each neurite was observed 
extending through a microtube, and each neuron gradually joined nearby cells to form a cluster by 
96 h (Figure 4.5F). 
The average neurite growth rate on the powered device is faster than on the unpowered device 
(0.611 µm/h and 0.520 µm/h, respectively), and the average neurite length was longer on the 
powered device (36.64 ± 1.85 µm) compared to the unpowered device (31.66 ± 2.02 µm). These 
data together suggest that neurons exposed to an electric field have an accelerated growth rate and 
longer neurites compared to those in the absence of an electric field. The positive effect of electrical 
stimulation on neurite growth has been previously reported, demonstrating both enhanced neurite 





Figure 4.5(A-B):  Brightf ie ld images of  rat  hippocampal neurons growing over 4 days in vitro .  Two 
neurons are identified (yellow arrows) and neurite extension (green arrows) is tracked through panels (A-F). Neurites 
are visible extending through the microtubes (white arrows) in the 24 h image (B) and are identified at subsequent time 
points. Clustering of neurons is also evident over time. The dashed boxes show a magnified view in the right panels. 











Figure 4.5(C-D): Brightf ie ld images of  rat  hippocampal neurons growing over 4 days in vitro .  Two 
neurons are identified (yellow arrows) and neurite extension (green arrows) is tracked through panels (A-F). Neurites 
are visible extending through the microtubes (white arrows) in the 24 h image (B) and are identified at subsequent time 
points. Clustering of neurons is also evident over time. The dashed boxes show a magnified view in the right panels. 






Figure 4.5(E-F):  Brightf ie ld images of  rat  hippocampal neurons growing over 4 days in vitro .  Two 
neurons are identified (yellow arrows) and neurite extension (green arrows) is tracked through panels (A-F). Neurites 
are visible extending through the microtubes (white arrows) in the 24 h image (B) and are identified at subsequent time 
points. Clustering of neurons is also evident over time. The dashed boxes show a magnified view in the right panels. 
Scale bar: 50 µm. (Brightness was adjusted for all images in Adobe Photoshop® for display purposes). 
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4.3.2 Neurite Alignment 
Figure 4.6 shows the PSD for a powered device (left side, subplot A; right side, subplot B) and 
unpowered control (left side, subplot C; right side, subplot D). The PSD for the left side of each 
device lacks distinct peaks, while the PSD for the right side of each device contains two peaks at 90° 
and 270°. However, the right side of the unpowered device has two secondary peaks (centered 
around 100° and 290°) such that the relative energy is lower than the right side of the powered 
device (unpowered: 0.3435; powered: 0.3554). The average relative energies were: powered device, 
0.3554 (right side) and 0.3260 (left side); and unpowered device, 0.2458 (right side) and 0.2629 
(left side). The location of the peaks on the PSD and the increased relative energy within the peaks 
on the powered device compared to the unpowered device indicates that there are more neurites 
growing parallel to the horizontal frame of the image. This means the organization of neurites is 
increased along the dominating direction of current density (J, related to the electric field, E, by J = 
σE, where σ is conductivity). 
Neurite alignment was further quantified based on the angle and alignment parameter (XX) of 
each tracing. Due to the geometry of the array including microtubes aligned both horizontally and 
vertically to the image frame of reference, as well as the presence of the electric field in the powered 
device, two alignment metrics were considered. Neurites with an angle ≤ 30° and XX ≥ 0.75 were 
classified as aligned to 0° (horizontal image frame), and neurites with an angle ≥ 70° and XX ≤ 0.25 
were classified as aligned to 90° (vertical image frame). The percentage of neurites in each 




Figure 4.6:  Power spectral  density (PSD) for powered and unpowered substrates reveal  improved 
al ignment for powered chip (r ight s ide).  Representative PSD with Gaussian fit at 90° and 270° for the left (A) 
and right (B) side of the powered chip. The right side of the chip experienced electrical stimulation and shows 
distinguished peaks at 90° and 270° with a higher relative energy compared to the left side. The left side of the 
unpowered chip (C) has a similarly random PSD distribution compared to (A), while the right side of the unpowered 
chip (D) appears to show higher energy at 90° and 270°, however there are high peaks very close by, bringing the relative 
energy lower than (B). An overlay of the PSD from the left side (E) and right side (F) of the powered and unpowered 
chips are shown. 
 
 87 
Table 4.1:  Neurites  c lass i f ied by al ignment parameter and angle.  Compiled values for neurites traced and 
alignment classification for powered and unpowered devices. Aligned to 0° encompasses neurites with Θ ≤ 30° and XX ≥ 
0.75. Aligned to 90° encompasses neurites with Θ ≥ 70° and XX ≤ 0.25. 
Device Total Neurites Traced Aligned to 0° Aligned to 90° Difference 
Powered Right Side 229 62 (27.1%) 46 (20.1%) 7% 
Powered Left Side 158 35 (22.2%) 34 (21.5%) 0.07% 
Unpowered Right Side 73 23 (31.5%) 20 (27.4%) 4.1% 
Unpowered Left Side 85 19 (22.4%) 22 (25.9%) 3.5% 
Powered Chip (combined) 137 97 (25.1%) 80 (20.7%) 4.4% 
Unpowered Chip (combined) 158 42 (26.6%) 42 (26.5%) 0% 
 
There were more neurites aligned to 0° relative to 90° alignment on the right side of the powered 
devices (7%) compared to the left side and either side of the unpowered devices. Based on the 
current density plot, the dominating electric field is in the direction of the 0° reference (Figure 
4.2), which suggests the increased number of neurites aligned in this direction are a result of the 
electric field effects. Furthermore, when pooling the data to consider all neurites on the powered 
device or unpowered device, regardless of side, the number of neurites aligned to 0° and 90° are 
identical in the unpowered device (0% difference), compared to an increased number of neurites 
aligned to 0° in the powered device (4.4%). The increase in number of neurites aligned in the 0° 
direction on the powered device further demonstrates the addition of the electrical stimulation is a 
positive signal for neurite organization along the direction of the electric field lines. 
While neurites were observed to extend through some microtubes on the devices, the microtubes 
did not have a dominating effect on neurite alignment, as previously reported in Chapters 2 and 3. 
We suspect this is because the microtubes on the substrates in these experiments were ordered 
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forming the perimeter of a square around the center space of the device. As a result, the microtube 
density was not high enough to have a predominating effect.  
4.3.3 Experimental Challenges 
There were a number of challenges encountered while conducting these experiments related to 
equipment, fabrication difficulty, and the yield of rolled-up electrode microtubes. The dicing saw 
required to dice the glass wafers prior to fabrication went out of service, delaying fabrication for 
several months. Experiments were delayed due to troubleshooting with the MEA2100-System and 
the stimulation file. And the fabrication process was challenging, leading to many devices fabricated 
with broken leads during liftoff (such that the removal of the photoresist carried away some of the 
deposited metal), rendering those devices unable to support the electrical stimulation, and therefore 
being used as control substrates. On the two devices fabricated with intact leads, the rolled-up 
electrode microtubes did not roll, with only two showing partial rolling along one edge (Figure 
4.7). 
 
Figure 4.7:  Representative rolled-electrode microtube device imaged with (A) 4x objective and (B) a 10x objective. 
White arrows highlight two microtubes with rolled electrodes that began folding along bottom edge, but did not roll 
completely. Rolled electrode microtube in upper right corner remains flat. (Brightness was adjusted for both images in 




The preliminary data presented here indicate a positive trend toward improved growth and 
alignment of neurites cultured in the presence of electric stimulation. The simplified COMSOL 
Multiphysics® model reveals an electric field along the horizontal axis of the image frame (0° axis). 
There is enhanced organization of neurites along the 0° axis on the powered devices, compared to 
the unpowered devices, shown through the FFT/PSD analysis. And the alignment parameter analysis 
reveals the number of neurites aligned to 0° is greater on the powered substrates compared to the 
unpowered substrates. Additionally, the neurite growth rate was found to be faster, and neurites 
grew to longer lengths on the powered device compared to the unpowered device. 
The next step is to conduct additional experiments to enhance the robustness of results presented 
here. In future experiments, we will also study how differing stimulation parameters impact neuronal 
growth. Additionally, we will improve the yield of the rolled-up electrode microtubes and perform 
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CHAPTER 5: CONCLUSIONS AND FUTURE 
DIRECTIONS* 
5.1 Summary and Conclusions 
In this Dissertation, we demonstrated successful application of a semiconductor technology for 
neuron culture, characterized the interplay between the substrate topography and neurite growth, 
and introduced electrical cues to the system. The technology employed are ultra-thin films of silicon 
nitride that self-roll into cylindrical membranes (microtubes) that can be further augmented with a 
conducting material, such as gold, to produce tubular or sheath electrodes. The customizability of 
this platform enables tailor-made solutions for problems in neuroengineering including directed 
neural network formation and the ability to apply targeted electrical stimulation to individual 
neurites.  
In Chapter 2, we characterized the impact of the microtube topography on neurite growth. 
Previous literature indicates that neurons respond positively to topographical cues, following corners, 
ridges, trenches, and otherwise aligning along non-planar surface elements.1–6 The purpose of the 
experiments reported in Chapter 2 was to determine the baseline level of alignment imposed by the 
microtube array, prior to later experiments adding a second variable in the form of electric fields. In 
order to quantify alignment, we performed fast Fourier transform analysis and studied the resulting 
power spectral density for neurons cultured on the microtube array, a planar SiNx control, and a 
glass coverslip control substrate. This analysis revealed significantly more alignment of neurites to 
                                                
*	Parts of this chapter have been adapted from the following publication: Olivia V. Cangellaris and Martha U. Gillette. 
(2018) “Biomaterials for Enhancing Neuronal Repair.” Front. Mater. 5:21.	
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the microtube array compared to more random neurite extension observed on the control substrates. 
We also developed a method to quantify and study neurite alignment on a local scale, using an 
alignment parameter coupled with the neurite angle. Additionally, we considered how neurite 
alignment was affected by proximity to the microtubes. While we found no significant correlation 
between neurite alignment and distance from the nearest microtube, the results from this study and 
the metrics developed to measure alignment were an essential first step in characterizing and 
quantifying the effects of the microtube array on neurite growth. 
In Chapter 3, we introduced two new geometries of the microtube array to explore how tuning 
the topography would impact neurite directionality. Through the use of a gradient pitch substrate, 
with microtubes of identical length spaced gradually farther apart across the length of a coverslip, we 
studied how the separation distance between microtubes affected alignment compared to a 
microtube array with standard pitch. The data indicated that the gradient pitch substrate resulted in 
improved neurite alignment to the microtube array compared to the standard pitch array. We also 
investigated how microtube length influenced neurite alignment by culturing neurons on a coverslip 
with microtubes of 6 different lengths (30 µm – 80 µm in length). The results of this study showed 
longer microtubes (≥60 µm) improved alignment of neurites. 
In Chapter 4, we presented preliminary results showing how the addition of an electric cue to 
the microtube array impacted neurite growth. Through the application of an AC current to the 
electrodes on an integrated MEA/microtube chip, we quantified early neurite growth in the presence 
or absence of the resulting electric field. Neurites cultured on the powered device were longer and 
great faster compared to the unpowered device. The neurites also showed increased organization 
along the horizontal frame of the image (0°), in the direction of the electric field, based on fast 
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Fourier transform (FFT) and power spectral density (PSD) analysis. Further analysis of neurite 
alignment found more neurites aligned to 0° on the powered substrate. In this study, the electric 
field effect appeared to more strongly influence neurite growth compared to the microtube 
topography. These experiments served as a starting point for further investigation of the interplay 
between electrical and topographical cues on this substrate, particularly through implementation of 
new array geometries and stimulation parameters. 
5.2 Future Directions 
5.2.1 Optimization of Microtube Array 
In Chapter 3, we manipulated two parameters, pitch and microtube length, in an effort to 
improve instances of neurite alignment to the microtubes. The results were promising, revealing 
enhanced alignment on gradient pitch substrates and with microtubes of length ≥60 µm. Our next 
step in this arm of the research is to merge these two findings to find an optimal array geometry that 
promotes continuous neurite alignment through consecutive microtubes. Several initial geometries 
to evaluate include a substrate with either a gradient pitch or standard pitch and microtubes with a 
length of (1) 60 µm, (2) 70 µm, and (3) 80 µm to assess the ideal microtube length for improved 
alignment with a gradient or standard pitch. An added element for this analysis would include 
preferential seeding of neurites along the leading edge of the array, which can be accomplished via a 
seeding well that is removed after the neurons adhere. Additionally, while the experiments in 
Chapter 3 utilized microtubes with a fixed diameter of about 5 µm, another avenue to consider is 
culturing neurons on a substrate with either microtubes of larger diameter (e.g. 10-15 µm), or 
binocular7 configuration, and added chemical cues in the form of laminin to select for axon growth 
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in the direction of the microtubes in order to create axonal bundles. These studies would further 
position this technology for applications to resolve neurodegeneration. 
5.2.2 Electrical Stimulation and Recording 
In Chapter 4, we presented preliminary results from experiments on an MEA-microtube array 
platform with some rolled-electrode microtubes. The results from these experiments demonstrate 
increased neurite growth rate and neurite length in the presence of an applied electric stimulus; 
enhanced organization of neurites along the predominating direction of the electric field; and an 
increased percentage of neurites aligned in the direction of the electric field. Unfortunately, the 
microtubes with rolled-up electrodes remained unrolled, with only two showing some rolling along 
one edge. We proposed several additional experiments to pursue including repetition of the 
experiments presented in Chapter 4 to further strengthen the findings of this study, as well as 
experiments with varied stimulation parameters to assess how different stimulation magnitudes and 
timing impact neuronal growth. We also discussed improving the rolled-up electrode microtube 
yield to enable experiments with recording conducted from the rolled-up electrodes in order to verify 
neuronal signals can be monitored with the sheath electrodes. 
In addition to the experiments outlined here, there are several avenues to pursue with respect to 
the rolled-up electrode substrates. To increase the yield of rolled-up electrode microtubes (REµTbs), 
we propose utilizing an array composed solely of REµTbs. In addition to repeating the same 
parameters for the stimulation as reported in Chapter 4, a wider range of current amplitudes should 
be tested to determine the optimal signal for enhanced neurite outgrowth, and recording from the 
electrodes at 21 days should be included as well. Experiments with elongated stimulation timelines, 
with stimulation 2x/day for up to 7 or 14 days would also be pursued. Finally, incorporating 
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recording into the daily stimulation sessions to assess neuronal activity is a pivotal step towards 
applications for neural repair and translating this technology for implementation in vivo. 
5.2.3 Microtubes for Neural Repair 
Taking the optimized stimulation parameters determined in the aforementioned experiments, 
the next step for application of the microtube substrates in neural repair requires in vitro experiments 
to explore the efficacy of this system in stimulating neurite regrowth following neuritotomy. 
Neurons will be seeded at the entry point of microtubes with rolled-up electrodes through the use of 
micro-contact printed PDL, and cultured for 5 days in vitro. The neurites can be severed using a 
laser8 and following neuritotomy, the REuTb will be powered and the neurons will be cultured for 
an additional 5 days. Neurite regrowth will be monitored daily, including baseline images captured 
immediately prior to, and following neuritotomy. We can assess return of function of the 
regenerated neurites by evaluating expression of synaptic markers such as PSD-95 (Figure 5.1), 







The stimulation of the neurites growing within the microtubes is expected to result in successful 
regrowth and repair of the ablated neurites. Staining for the synaptic marker will indicate that 
structural elements of the neuronal specializations at the synapse have been restored. The Ca2+ 
imaging will dynamically verify functionality via neuron-to-neuron signal transmission of the 
recently regenerated neurites. 
5.2.4 Toward In Vivo Applications 
As we have described at several points throughout this Dissertation, adaptation of this 
technology in vivo for neuroregenerative solutions is a primary end goal. While there are many 
intermediate milestones to complete before achieving this feat, the microtube substrate is well 
positioned to be successfully adapted for this purpose. Consider an ideal substrate for effective repair. 
Figure 5.1:  Hippocampal neurons (30 DIV) with established synapses visualized with 
PSD-95 (synaptic marker, green, highlighted by white arrows); neurons stained with MAP2 
(dendritic marker, red) and DAPI (nuclear marker, blue). Scale bar: 50 µm. 
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This substrate requires a combination of topographical, chemical, electrical, and mechanical 
properties, that must be carefully tailored to address the site of application, as biocompatibility with 
surrounding tissue will differ, and the time course for repair, which will influence the duration of the 
implant. 
For an acute spinal cord injury, the ideal substrate to serve as a therapeutic scaffold should 
facilitate the initial regrowth, and protect against glial scarring while nurturing the damaged axons 
during the healing process via embedded trophic factors. Once the lesion has healed and the scaffold 
has served its purpose, the scaffold can either be resorbed or fully integrated into the recovered tissue. 
Such a substrate must be flexible with an elastic modulus matching the native spinal column for an 
environment that closely resembles the endogenous condition. The scaffold can be enriched with 
microchannels, which attract the regenerating neurites given their affinity for edges and enclosed 
spaces.5,7,10 To enhance regrowth and influence its directionality, electronics that support electrical 
stimuli can be embedded in the scaffold. These electronics can also support recording capabilities to 
assess neuronal activity. 
With advancements in materials engineering, a new wave of flexible and biodegradable 
electronics has been introduced. Applications for their use in the nervous system are especially 
promising. Flexible, transient, silicon-based, biocompatible, implantable biosensors are being 
developed that allow for wireless monitoring capability. They have been used successfully on skin, 
cardiac tissue, muscle, and the brain.12–15 A wireless communication device composed of 
bioresorbable materials has successfully been implanted and used in rats for monitoring intracranial 
pressure and temperature.12 Another flexible, non-penetrating multi-electrode array with embedded 
ultrathin silicon transistors was used for in vivo neural recording and monitoring of electrical brain 
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activity in feline models. The electrode array was applied to the visual cortex, or folded and inserted 
into the interhemispheric fissure, and electrical signals corresponding to visual stimuli were 
recorded.15 The connection between these technologies and solutions for neuronal repair lies in three 
major advantages of these devices: (1) the flexible nature of the material allows for intimate contact 
between the biosensor and the neural tissue, minimizing current-loss,13,15 (2) the materials are 
biocompatible, and do not trigger an inflammatory response,12 and (3) the devices are bioresorbable. 
Each of these elements addresses requirements of an ideal substrate for neural repair. While long-
term clinical translation of these devices must ensure longevity of the materials and sustained 
biocompatibility, progress in flexible electronics development is promising. 
The microtube substrate presented in this Dissertation can be adapted to match the 
requirements described above. Working from the inside out, we can begin with a bundle of 
microtubes containing rolled electrodes, providing the microchannel framework and method for 
electrical stimulation and/or recording. Wrapping this bundle in a biodegradable outer sheath that 
has been doped with chemotrophic factors will provide a shield against the body’s inflammatory 
response. Once the outer sheath degrades, and the microtubes are exposed, the regenerated nerve 
should be fairly robust to withstand the new exposure, and the biocompatibility of the microtubes 
will offset the need to remove the internal scaffolding at a later time. In fact the pliability of the 
microtubes should enable conformation of the microtube to the regenerating neurites, thereby 
eliminating any requirement for removal. 
5.3 Final Remarks 
Recovering function following damage to neuronal systems is challenging due to loss of native 
cues, inflammation, and scarring. Solutions to this problem lie in clever development and 
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functionalization of new scaffolds on which neurons can regenerate complex, 3D circuits. An 
effective intervention or technology to promote neuronal repair requires 1) as seamless an integration 
between scaffold and native tissue as possible, 2) topography that heightens neurite capture, support, 
and growth, 3) novel manipulations of silicon-based electronics to design and implement flexible 
substrates for stimulation and recording. New materials enabling manipulation of substrate 
topography, such as the microtubes, mimic similar in vivo structures and enhance control over 
directionality in regenerating neurites. Introduction of electrical stimulation will amplify growth 
rate, length of regeneration, and influence orientation. Embedded wireless sensors will enable real-
time monitoring of regenerating nerves in situ. Substrates can be manipulated to further emulate the 
endogenous neural environment by tuning the elastic modulus to better match the range of local 
stiffnesses in vivo and provide transitions between native tissue and supportive scaffold. By 
developing scaffolds and devices that dissolve away after fulfilling their purpose, the need for an 
additional surgery for removal is eliminated, thereby reducing the risks of added surgical 
complications, such as infection, as well as the addition of medical costs. The experiments presented 
within this Dissertation lay an essential foundation for development of a translational microtube 
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APPENDIX A: TRAINING DATA FOR ALIGNMENT 
CUTOFF DETERMINATION 
To quantify local alignment, a cutoff was determined for the neurite angle and alignment parameter 
(ratio of projected length of the neurite along the direction of the microtube, S, to the full length of 
the neurite, L). Each of these cutoffs was determined using a set of training data, created for each 
time point (4, 7, 10, and 14 days in vitro (DIV)). Each neurite in the training data set was manually 
classified as aligned or unaligned. These classified points were then imposed onto the corresponding 
histogram of the complete data set for each time point (Figure A.1). The cutoffs were determined 
based on an average capture of 97% or better of the aligned training data. 
 
Figure A.1.  Training data of aligned neurites (pink x's) overlaid on histogram of data sets for (A) 4 DIV, (B) 7 DIV, 
(C) 10 DIV, and (D) 14 DIV. 
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APPENDIX B: INCIDENCE OF ALIGNED NEURITES 
ACROSS SUBSTRATES 
Two additional measures of neurite alignment were explored: frequency of alignment of neurites 
inside the microtube compared to outside the microtube, and fraction of aligned neurites compared 
to all neurites on the substrate. 
To calculate the frequency of neurite alignment inside or outside the microtubes, we randomly 
selected 3 images/experimental condition, and aligned neurites in contact with the µ-Tubes were 
classified (Table B.1). The sampled-set reveals that, generally, alignment occurs more frequently 
along the outside of the microtube (low-frequency SiNx). However, relative to the other standard-
pitch substrate, more instances of alignment are observed along the inside of the microtubes (high-
frequency SiNx) in the gradient-pitch substrate (26.04%). On the gradient-length substrate, the 
greatest incidence of neurites aligned inside the µ-Tubes is found in those with a length of 40 µm 
(36.84%). We suspect that the increased frequency of neurites aligned inside the µ-Tubes on the 
gradient-pitch substrate compared to the standard-pitch substrate is due to the increased frequency 
of topographical cues offered by the more closely spaced µ-Tubes.  Additionally, the neurons are 
more likely to be situated close to a µ-Tube after seeding, further increasing the instances of neurite 
extension through the microtube.    
When comparing the total fraction of aligned neurites to all traced neurites in our complete data 
set, we found ~36-43% of the neurites are aligned to the µ-Tube pattern (Table B.2). In a 
previous study, alignment of axons of cultured cortical neurons was found to be 83% in the 
direction of the microtube array.1 There are several differences between the previous study and what 
we report here: 1) Differences in neurite studied; we examined both dendrites and axons. 2) 
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Differences in cellular populations studied; our work utilized hippocampal neuron cultures that 
contain predominately pyramidal neurons vs. the mixed population of neurons in a cortical culture. 
3) The range of µ-Tube orientations studied (standard-pitch, gradient-pitch, and gradient-length). 
4) The location sampled on the culture plate.  
Table B.1: Fraction of Neurite Alignment Outside or Inside Microtube 
Substrate 
Neurites Aligned Outside 
µTb 
Neurites Aligned Inside 
µTb 
Standard-Pitch 86/92 = 93.48% 6/92 = 6.53% 
Gradient-Pitch 125/169 = 73.96% 44/169 = 26.04% 
Gradient-Length 118/136 = 86.76% 18/136 = 13.24% 
30 µm 12/17 = 70.59% 5/17 = 29.41% 
40 µm 12/19 = 63.16% 7/19 = 36.84% 
50 µm 10/11 = 90.91% 1/11 = 9.09% 
60 µm 15/15 = 100% 0/15 = 0% 
70 µm 14/16 = 87.5% 2/16 = 12.5% 
80 µm 51/55 = 92.73% 4/55 = 7.27% 
 
 
Table B.2: Fraction of Total Aligned Neurites 
Substrate Total # Neurites 
(pooled across 
DIV) 




Standard-Pitch 5,074 1,811 35.69% 
Gradient-Pitch 4,253 1,561 36.70% 
Gradient-
Length 
1,341 573 42.73% 
30 µm 119 34 28.57% 
40 µm 156 75 48.08% 
50 µm 231 103 44.59% 
60 µm 282 121 42.91% 
70 µm 275 108 39.27% 
80 µm 277 131 47.29% 
 
Reference: 
1.  Froeter, P., Huang, Y., Cangellaris, O. V. et al. Toward Intelligent Synthetic Neural Circuits: 
Directing and Accelerating Neuron Cell Growth by Self-Rolled-Up Silicon Nitride Microtube 
Array. ACS Nano 8, 11108-1117 (2014). 
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APPENDIX C: ZERO-PADDING AND INTENSITY 
ADJUSTMENT IN MATLAB® 
To analyze the gradient length data, each image was cropped to isolate each microtube length. In 
order to match the width and height of these cropped images to the same pixel size as the uncropped 
image, I zero-padded the cropped images (Figure C.1A-B). The zero-padding did not augment 
the power-spectral density (PSD); as shown in Figure C.1C, the PSD overlay is perfect between 
the cropped and zero-padded images. 
 
Figure C.1. Cropped image of NeuronJ neurite tracings for 50-µm length microtubes (A), and after zero-padding in 
Matlab® (B). A fast Fourier transform (FFT) of each image (A) and (B) was performed, and the power-spectral densities 
(PSDs) were recovered and compared (C).  
I also experimented with adjusting the intensity of the neurite tracings prior to running the FFT. 
After importing the neurite tracing image to Matlab®, it is converted to a gray-scale image for further 
processing. I noticed that after the gray-scale conversion, following the image combination, the 
intensity of the neurite tracings was not uniform. In Matlab®, I rewrote the intensity to be 256, the 
maximum intensity in an 8-bit image. To verify that adjustment to the intensity did not impact the 
significance of the data, I compared the results of statistical analysis of the relative energy from the 
PSD for the complete data set with unadjusted and adjusted intensities (Figure C.2). While the 
PSD plots do differ, the level of significance is very high (p < 0.0001) for both unadjusted and 
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adjusted intensities, and I accordingly determined that using the intensity adjustment would not 
result in misreported findings of significance (Table C.1). 
 
Figure C.2. Zero-padded images of NeuronJ neurite tracings for 50-µm length microtubes without intensity 
adjustment (A), and with intensity adjustment (B). (C) Overlay of the power-spectral density (PSD) for the 
unadjusted and adjusted images shows some separation of the values. 
 
Table C.1. p-values from Tukey's post-hoc analysis, following ANOVA, comparing effect of intensity adjustment on 
significance. Row 1 contains results from variable 1, Microtube Length; row 2 contains results from variable 2, days in 
vitro (DIV); and row 3 contains results from the interaction between variables 1 and 2. 
p-value Unadjusted Intensity Adjusted Intensity 
Micotube Length 2.90 x 10-12 4.71 x 10-15 
DIV 1.31 x 10-38 2.83 x 10-46 
Microtube Length*DIV 1.59 x 10-9 1.44 x 10-11 
 
 
 
 
 
